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LASTNAME FIRSTNAM ORGANIZA ADDRESSI ADDRESS2 MAILCODE COUNTRY

ADAMS MICHAEL J BRITISH TELFCOM RES LABS RT233 MARTLESHAM HEATH IPSWICH'SUFFOLK IP5 7RE UK
AIDA TAHITO A ATR OPT & RADAR CON RES TWIN21 MID 2-1-61 HIGASHI-KU OSAKA 540 JAPAN
ALFERNESS ROD AT&T BELL LABS CRAWFORDS CORNER RD HOLMDEL, NJ 07733 USA
ASOM MOSES T AT&T BELL LABS 600 MOUNTAIN AVE MURRAY HILL, NJ 07974 USA
BAETS ROEL G UNIV OF GENT IMEC LEA SINT PIETERSN B-9000 GENT BELGIUM
BERGH ARPAD A BELLCORE MORRISTOWN, NJ 07960 USA
BERRY MARK H NAVAL OCEAN SYSTEMS CTR 271 CATALINA BLVD SAN DIEGO, CA 92152 USA
BERTHnLD JOSEPH E BELLCORE 331 NEWMAN SPRINGS RD RED BANK, NJ 07701 USA
BESSE PIERRE A ETH-ZURICH SWISS HPT FIO 8093 ZURICH SWITZERLAND
BIZE DANIEL ONERA CERT 2 AVE ED BELIN BP 4025 TULOUSE 31055 FRANCE
BLACK RICHARD J CECOLE POLYTECHNIQUE ENG PHfS CP6079 STN A MONTREAL H3C3A7 CANADA
BLUMENTHAL DANIEL J UNIV OF PENNSYLVANIA 200 S 33RD ST MOORE PHILADELPHIA, PA 19118 USA
BOTTELDOOREN DICK B UNIV OF GENT IMEC LEA SINT PIETERSN B-9000 GENT BELGIUM
BOYD GARY D AT&T BELL LABS ROOM 4B 537 HOLMDEL, NJ 07733 USA
BOYSEL ROBERT M TEXAS INSTRUMENTS PO BOX 655936 MS 134 DALLAS, TX 75075 USA
BRACKETT CHARLES A BELLCORE 445 SOUTH STREET MORRISTOWN, NJ 07960 USA
BRASHER JAMES D TELEDYNE BROWN ENG 300 SPARKMAN DRIVE NW mUNTSVILLE, AL 35807 USA
BRENNER KARL-HEINZ UNIV OF ERLANGEN ERWIN ROMMELSTR I ERLANGEN 8520 FED REP 6ER
BULLER GERALD S HERIOT-WATT UNIVERSITY RICCARTON EDINBURGH EH144AS UK
BUROGE GEOFF LAB FUR PHYSICAL SCIENCE 4928 COLLEGE AVENUE COLLEGE PARK, MD 20740 USA
CAPRON BARBARA A BOEING ELECTRONICS HTC MS 7J-27 PO BOX 24969 SEATTLE, WA 98124 USA
CATHEY W THOMAS UNIVERSITY OF COLORADO OPTOELECTRONIC COMP SYS BOULDER, CO 80309 USA
CAVAILLES JEAN L E P 3 AVE DESCARTES LIMEIL BREVANNES F 94450 FRANCE
CHAN Y ELLEN EASTMAN KODAK 1669 LAKE AVE B65 FLI ROCHESTER, NY 14650 USA
CHiO TIEN-HSIN JET PROPULSION LAB 4800 OAK GROVE DRIVE PASADENA, CA 91109 USA
CHENEVAS PAULE ANDRE A CEA CENT DLETI DOPT 85 X GRENOBLE 38041 FRANCE
CHENG STEVEN BELLCORE 445 SOUTH STREET MORRISTOWN, NJ 07960 USA
CHIARULLI DONALD M UNIV OF PITTSBURGH COMP SCI DEPT, 212M1B PITTSBURGH, PA 15260 USA
CHIROVSKY LEO N AT&T BELL LABORATORIES 600 MOUNTAIN AVENUE MURRAY HILL, NJ 07974 USA
CHU KWONG W SANDIA NATL LABS DIV 1415 ALBUQUERQUE, NM 87185 USA
CHUROUX PASCAL CERT ONERA 2 AVE EDOUARD BELIN BP 4025 TOULOUSE 31055 FRANCE
CINATO PAOLA CSELT VIA REISS ROMOLi 274 TUPIN 10148 ITALY
CLOONAN THOMAS J AT&T BELL LABORATORIES 200 PARK PLAZA NAPERVILLE, IL 60566 USA
COOPER LARRY OFFICE OF NAVAL RESEARCH CODE 1114S ARLINGTON, VA 22217 USA
CRAFT NICHOLAS C AT&T BELL LABS DEPT 11356 HOLMDEL, NJ 07733 USA
DASARO L A AT&T BELL LABS 600 MOUNTAIN AVENUE MURRAY RILL, NJ 07974 USA
DAVISON STEPHEN A CAMBRIDGE UNIVERSITY ENG DEPT TRUMPINGTON ST CAMBRIDGE ENGLAND CB2 tPZ UK
DAWSON PETER H NATL RES COUNCIL DIV OF PHYSICS OTTAWA, ONT. KIA OR6 CANADA
DAY CLIVE R BRITISH TELECOM RES LABS RT233 MARTLESHAN HEATH IPSWICH SUFFOLK IP5 7RE UK
DEEG EMIL W AMP INC PO BOX 3608 MS 140 28 HARRISBURGt PA 17105 USA
DERSTINE\ MATTHEW W BOEING ELECTRONICS HTC PO BOX 24969 SEATTLE, WA 98124 USA
DICKEY FRED M SANDIA NATL LABS DIV 1415 ALBUQUERQUE, NM 87185 USA
DICKINSON ALEX AT&T BELL LABS CRAWFORDS CORNER ROAD HOLMDEL, NJ 07701 USA
UUwMI .AfaLENE f AT&T BELL LABS .R. ..UKu, C UONERR n1uLnlL, 'JriU

DRAKE MARVIN D THE MiTRE CORPORATION BURLINGTON RD, MS 050 BEDFORD, MA 01730 USA
DUTHIE PETER J PLESSEY RESEARCH CASWELL CASWELL TOWCESTER NORTHANTS NNI28EQ UK
ELMAN BORIS S GTE LABORATORIES INC 40 SYLVAN ROAD WALTHAM, NA 02254 USA
ENG KAI Y AT&T BELL LABORATORIES CRAWFORDS CORNER ROAD HOLMDEL, NJ 07733 USA
ENG SVERRE T JET PROPULSION LAB 4800 OAK GROVE DRIVE PASADENA, CA 91109 USA
ENGLERT THAD UNIV OF WYOMING BOX 3295 UNIV STATION LARAMIE, HY 82071 USA
FALK R AARON BOEING AEROSPACE PO BOX 3999 MS 37 50 SEATTLE, WA 98124
FELD STEWART COLORADO STATE UNIV 1705 HEATHERIDGE G201 FT COLLINS, CO 80526 USA
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FIDDY MICHAEL A UNIVERSITY OF LOWELL DEPT OF ELECTRICAL ENG LOWELL, MA 01854 USA
GABRIAGUES JEAN-MICHEL LABS DE MARCOUSSIS ROUTE DE NOZAY MARCOUSSIS 91460 FRANCE
GABRIEL CHRIS AT&T BELL LABS 46524 CRAWFORDS CRNR RD HOLMOEL, NJ 07733 USA
GALBRAITH iAN PHILIPS RES LABS CROSS OAK LANE REDHILL RHI 5HA UK
GAYLORD THOMAS K GEORGIA TECH SCHOOL OF ELEC ENG ATLANTA, GA 30332 USA
GIGLMAYR JOSEF J HEINRICH HERTZ INST FUR NACHRICHTENTECHNIK BERLIN O-1000 20742 FED REP GER
GILES C LEE AFOSR BLDG 410 BOLLING AFB WASHINGTON, DC 20332 USA
GIORDMAINE JOE NEC RESEARCH INSTITUTE 67 MOUNTAIN BLVD EXT WARREN, NJ 07060 USA
GLEESON JAMES N AMOCO TECHNOLOGY CO PO BOX 400 MS F8 NAPERVILLE, IL 60566 USA
GOOSALVE CHRISTOPHER HERIOT WATT UNIVERSITY RICCARTON CAMPUS EDINBURGH UK
GOODMAN JOSEPH W STANFORD UNIVERSITY DURAND 127 STANFORD, CA 94305 USA
GOODWIN MARTIN J PLESSEY RESEARCH CASWELL TOWCESTER NURTHANTS NNI28EQ UK
GOOSSEN KEITH W AT&T BELL LABS ROOM 4B519 HOLMDEL, NJ 07733 USA
GRANESTRAND PER ERICSSON TELECOM S-126 25 STOCKHOLM SWEDEN
GROTE JAMES G USAF WROC/WLOT W-P AFB, OH 95433 USA
HAMILTON MICHAEL C BOEING HIGH TECH CENTER PO BOX 24969 MS 7J-04 SEATTLE, WA 98124 USA
HAMMER JACOB DAVID SARNOFF RES CTR CN5300 PRINCETON, NJ 08543 USA
HANEY MICHAEL W BOM CORPORATION 1915 JONES BRANCH OR MCLEAN, VA 22102 USA
HARVEY AL NATL SCIENCE FOUNDATION 1800 G ST, RM 134-36 WASHINGTON, OC 20550 USA
HASHIMOTO MASASHI TT TRANSMISSION SYS LAB 1-2356 TAKE YOKOSUKA KANAGAWA 238-03 JAPAN
HEALEY PETER BRITISH TELECOM RESEARCH MARTLESHAM HEATH IPSMICH IP57RE UK
HENRY JILL E AT&T BELL LABS CRAWFORDS CORNER RD HOLMDEL, NJ 07733 USA
HESTER CHARLES F TELEDYNE BROWN ENGIN CUMMINGS RESEARCH PARK HUNTSVILLE, AL 35807 USA
HILL ALAN N BRITISH TELECOM RES LABS IPSWICH SUFFOLK IP5 7RE UK
HINTERLONG STEVE J AT&T BELL LABORATORIES 2E 234 200 PARK PLAZA NAPERVILLE, IL 60566 USA
HIOTON HARVARD S AT&T BELL LABS 200 PARK PLAZA 2F-235 NAPERVILLE, IL 60566 USA

NOBUKI MITSUI PETROCHEMICALS LT 250 PARK AVE, STE 950 NEW YORK, NY 10177 USA
INOUE HITACHI LTD CENT RES, KOKUBUNJI TOKYO 185 JAPAN
JOHN H ROCKWELL SCIENCE CTR 1049 CAMINO DOS RIOS THOUSAND OAKS, CA 91360 USA
.LAK AT&T BELL LABS 46514 CRAUFORDS CRNR RD HOLMDEL, NJ 07733 USA

HUA .u SHIUH IBM T J WATSON RES CTR PO BOX 704 YORKTOWN HGTS, NY 10598 USA
ILTAIF . A HERIT-WAYT UNIVERSITY PHYSICS DEPT EDINBURGH EHI44AS UK
ISHIHARA SATOSHI OJTOA 2-7-4 NISHI-SHIMBASHI MINATO-KU TOKYO 105 JAPAh
ISLAM MOHAMMED N AT&T BELL LABS ROO 4D 411 HOLMDEL, NJ 07733 USA
JATAR SHASHANK BNR 1500 CARLING AVE OTTAWA ONT K2KIX5 CANADA
JENKINS KEITH UsC PHE 306 LOS ANGELES, CA 90089 USA
JEONG JAE WOO ETRI OPTICAL COMN SEC PO BOX 8, DAEOUG DANGI CHUNG NAN 302-350 KOREA
JEWELL JACK AT&T BELL LABS 46520 CRANFORDS CRNR RD HOLMOEL, NJ 07733 USA
JOHNS JURGEN AT&T BELL LABS 46510 CRAWFORDS CRNR RD HOLMDEL, NJ 07733 USA
JOHNSTON ALAN R JET PROPULSION LAB PASADENA, CA 91109 USA
JONECKIS LANCE UNIVERSITY OF MARYLAND 4928 COLLEGE AVENUE COLLEGE PARK, NO 20740 USA
JONES KEVIN AT&T BELL LABS CRANFORDS CRNR RD 4F323 HOLMOEL, NJ 07733 USA
KATAYAMA YOSHIFUMI OPTOELECTRONICS TECH RES 5-5 TOHKODAI TSUKUBA 300-26 JAPAN
wAUAD ViITAVA IINT||rOTTV nF A7nfluA nOTTPAI epirTmpr PCHMT TIicefM, Al R714 IIQA

KAWAI SHIGERU NEC CORPORATION -I"IIYAZAKI 4-CHOME KAWASAKI-SHI 213 JAPAN
KAZHRINOV RUDOLF AT&T BELL LABS 600 MOUNTAIN AVE MURRAY HILL, NJ 07974 USA
KOBAYASHI IKUTARO NTT 3-9-11 MIOORI-CHO MUSASHINO, TOKYO 180 JAPAN
KOGELNIK HERWIG AT&T BELL LABS RN L215 HOLMOEL, NJ 07733 USA
KOMATSU KEIRO NEC CORPORATION 4-1-1 MIYAZAKI, MIYAMAE KAWASAKI 213 JAPAN
KORN MANFRED 0 UNIV OF STUTTGART PFAFFENWALORING 57 STUTTGART D7000 FED REP GER
KOROTKY STEVEN K AT&T BELL LABORATORIES HO 4F-313 HULMOEL, NJ 07733 USA
KOSTRZEWSKI ANDREW CITY COLLEGE OF NEW YORK 138TF STR, CONVENT AVE NEW YORK, NY 10031 USA
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KOTELES EMIL S GTE LABORATORIES INC 40 SYLVAN ROAD WALTHAM; MA 02254 USA
KOWALSKY WOLF GANG K UNIV OF BRAUNSCHWEIG SCHLEINITZSTR 23 PB3329 BRAUNSCHWEI6 0-3300 FED REP GER
KRUG WILLIAM P BOEING ELECTRONICS PO BOX 24969 MS 75-27 SEATTLE, WA 98124 USA
KUO JHNN MING AT&T BELL LABS 600 MOUNTAIN AVENUE MURRAY HILL, NJ 0?974 USA
KUROKAWA TAKASHI NTT OPTO-ELECTRONICS LAB 3-1 MORINOSATO WAKAKIYA ATSUGI, KANAGAWA 243-01 JAPAN
KURPIS GEDI P BELL CANADA 1170 TAL:,A COURT MISSISSAUGA, ON LSC 182 CANADA
KUZNETSOV ALEXANDER A ACAD OF SCIENCES OF USSR VAVILOV STR 38 MOSCOW 117942 USSR
LARKINS ERIC C STANFORD UNIVERSITY MCCULLOUGH BLDG RM 226 STANFORD, CA 94305 USA
LENTINE ANTHONY L AT&T BELL LABS RN 2F-229 200 PK PLAZA NAPERVILLE, IL 60566 USA
LI TINGYE AT&T BELL LABS CRAWFORD HILL LAB HOLMOEL, NJ 07733 USA
LIN SAMUEL S AEROSPACE CORPORATION LOS ANGELES, CA 90009 USA
LINKE RICHARD A AT&T BELL LABS CRAWFORD HILL LAB HOLMDEL, NJ 07733 USA
LIU HUA-KUANG JPL 4800 OAK GROVE DRIVE PASADENA, CA 91109 USA
LIVESCU GABRIELA AT&T BELL LABS 600 MOUNTAIN AVE MURRAY HILL, NJ 07974 USA
LOHMANN ADOLF W PHYSIKALISCHES INST EIWIN ROMMEL STR I ERLANGEN 8520 FED REP GER
MACDONALD R I A T R C 4245 97TH STREET EDMONTON ALTA T6E 5Y4 CANADA
MACKENZIE HUGH A HERIOT-WATT UNIVERSITY RICCARTON EDINBURGH EHI44AS UK
NAKOTO NISHIO NEC CORPORATION 4-1-1 MIYAZAKI, MIYAMAE KAWASAKi 213 JAPAN
MARK JANNIK TFL TELECOMN RES LAB LYNGSO ALLE Z HORSHOLM OK 2970 DENMARK
MARRAKCHI ABDELLATIF BELLCORE 331 NEWMAN S, RINGS RD RED BANK, NJ 07701 USA
MARTINSON THOMAS ASCOM TECH BELPSTRASSE 23 BERN 14 CH3000 SWITZERLAND
MCCORMICK FREDERICK B AT&T BELL LABORATORIES IHP2F231 200 PARK PLAZA NAPERVILLE, IL 60566 USA
MEEKS KENT SANDIA NATIONAL LABS DIV 5166, PO BOX 5800 ALBUQUERGUE, NM 87185 USA
MELMAN PAUL GTE LABORATORIES 40 SYLVAN RbO WALTHAM, MA 02254 USA
MIDWINTER JOHN E UNIV COLLEGE LONDON TORRINGTON PLACE LONDON WCIE 7J UK
MILLER DAVID A AT&T BELL LABS CRAWFORDS CORNER ROAD HOLMDEL, NJ 07733 USA
MITSUHITO SAKAGUCHI N NEC CORPORATION 4-1-1 MIYAZAKI. MIYAMAE KAWASAKI 213 JAPAN
MORGAN ROBERT A AT&T BELL LABS 600 MOUNTAIN AVENUE MURRAY HhI NJ 07974 USA
MORI MASAHIKO N ELECTROTECHNICAL LAB 1-1-4 UMEZONO TSUKUBA JAPAN
NORK JESPER TFL TELECOMM RES LAB LYNGSO ALLE 7 HORSHOLM OK 2970 DENMARK
NOROZOV VALENTIN LEBEDEV INST ACAD OF SCI LENINSKY PR 53 MOSCOW USSR
MORRISON RICK L AT&T BELL LABORATORIES 2E 234 200 PARK PLAZA NAPERVILLE, IL 60566 USA
MURDOCCA MILES J AT&T BELL LABS 46526 CRAWFORDS CRNR RD HOLMDEL, NJ 07733 USA
MURPHY TIMOTHY AT&T BELL LABS CRAWFORDS CORNER RD HOLMDEL, NJ 07733 USA
NAKAGAMI TAKAKIYO FUJITSU LABS 1015 KAMIKODANAK KAWASAKI 211 JAPAN
NOBUYOSHI TERUMI OKAYAMA RIKA UNIV RIDAI CHO 1-1 OKAYAMA SHI 700 JAPAN
NOETHE STEFFEK PHYSIKALISCHES INST DER UNIV HEIDELDERI HEIDELBERG 06900 FED REP GER
NOLAN DANIEL A CORNING bLASS SP/FR/1/7 CORNING, NY 14830 USA
NORDIN RONALD A AT&T BELL LABS 200 PARK PLAZA NAPERVILLE, IL 60566
NOVOTNY ROBERT A AT&T BELL LABORATORIES 200 PARK PLAZA NAPERVILLE, IL 60566 USA
ODAGAWA TETSUFUMI FUJITSU LABS LTD 10-1 MORINOSATO-WAKAMIY ATSUGI 243-01 JAPAN
OHLANDER ULF R INSTITUTE OF OPTICAL RES LINDSTEDTSV 24 STOCKHOLM 210099 SWEDEN
OKAMOTO HIROSHI FURUKAWA ELEI, CO 2-4-3 OKANO NISHI-KU YOKOHAMA 226 JAPAN
nou wnaur r ! nlhnlT i falrrwniioc rn CI OUWC 16R Dn RAM UTINT nNM nr IQiAA lflA

ORBIC MILO AT&T BELL LABORATORIES 200 PARK PLACE NAPERVILLE, IL 87185 USA
PANKOVE JACQUES I UNIVERSITY OF COLORADO OPTOELECTRONIC COMP SYS BOULDER, CO 80309 USA
PARK SEUNG HAN UNIVERSITY OF PITTSBURGH 348 BENEOUM HALL PITTSBURGH, PA 15261 USA
PAULIAT GILLES INST D'OPTIQUE CNRS BAT 503 ORSAY CEDEX BP43 9t 406 FRANCE
PAYNE WILLIAM A AT&T BELL LABORATORIES 200 PARK PLAZA, 2F-247 NAPERVILLE, IL 60566 USA
PEOOROV WIATCHESLAB ACAD OF SCIENCES OF USSR COMP CTR OF COLL USE MOSCOW USSR
PEZESHKI BARDIA STANFORD UNIVERSITY MCCULLOUGH BLDG RM 226 STANFORD, CA 94305 USA
PHILLIPS ALFRED IBM EAST FISHKILL ZIP 47A HOPEWELL JCT, NY 12533 USA
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PILLOFF HERSCH ONR CODE 11260 800 N QUINCY ARLINGTON, VA 22217 USA
PRISE MICHAEL E AT&T BELL LABS 46526 CRAWFORDS CRUR RD HOLMDEL, NJ 07733 USA
PRUCNAL PAUL PRINCETON UNIVERSITY DEPT OF ELECTRICAL ENG PR!NCETON, NJ 08544 USA
REIHLEN ECKART H UNIVERISITY OF UTAH MATERIALS SCI DEPT SALT LAKE CTY, UT 84112 USA
REJMAN-GREENE NAREK A BRITISH TELECOM RES LABS RT233 MARTLESHAM HEATH IPSWICH SUFFOLK iP5 7RE USA
REN RIUSHI OHIO STATE UNIVERSITY 2015 NEIL AVE ECE DEPT COLUMBUS, OH 43210 USA
RONALDSON DAVID HERIOT WATT UNIVERSITY RICCARTON CAMPUS, RIC EDINBURGH UK
ROOSEN GERALD INST D OPTIUE CNRS BAT 503 BP43 ORSAY CEDEX 91406 FRANCE
SAHLEN OLOF INST OF OPTICAL RESEARCH ROYAL INST OF TECH STOCKHOLM S-100 44 SWEDEN
SANTORO MARIO A AT&T BELL LABORATORIES CRAWFORDS CORNER 4F535 HOLMDEL, NJ 07733 USA
SARUWATARI MASATOSHI NTT TRANSMISSION SYS LAB TAKE 1-2356 YOKOSUKA-SHI 238-03 JAPAN
SAWCHUK ALEXANDER A UNIV OF SOUTHERN CALIF MC 0272 LOS ANGELES, CA 90089 USA
SCHLOSSBERG HOWARD AFOSR BLDG 410 BOLLING AFB kASHINGTON, DC 20332 USA
SCHWARZ ROBERT HERCULES AEROSPACE HERCULES PLA7A WILMINGTON, DE 19894 USA
SCHWEIZER HEINZ SEL RES CTR STUTTGARI LORENZSTR 10 STUTTGART BW7000 FED REP GER
SELFRIOGE RICHARD BYU 459 CB PROVO, UT 84602 USA
SETCHELLI ROBERT E SANDIA NATIONAL LABS DIV 5166 PO BOX 5800 ALBUQUERQUE, NM 87185 USA
SHIGEFUMI MASUDA FUJITSU LABS LTD 1015 KAMIKODANAKA KAWASAKI 211 JAPAN
SHIGERU KAWAI NEC CORPORATION 1-1 MIYAZAKI 4-CHOME KAWASAKI-SHI 213 JAPAN
SHIMOE TOSHIO T FUJITSU 1015 KAMIKODANKA KAWASAKI NAKAHAMA JAPAN
SHIN SANG-YUNG KOREA ADV INST SCI TECH PO BOX 150 CHEONGRYANG SEOUL KOREA
SHUMATE PAUL W BELLCORE 445 SOUTH STREET MORRISTOWN, NJ 07960 USA
SIEWERT RON 0 MITRE CORP 120 BURLINGTON RAD BEDFORD, MA 01730 USA
SILBERBERG YARON BELLCORE 331 NEWMAN SPRINGS RD RED BANK, NJ 07701 USA
SIZER TOO AT&T BELL LABS 46530 CRAWFORDS CRNR RD HOLMDEL, NJ 07733 USA
SMITH PETER W BELLCORE RED BANK, NJ 07701 USA
SNOWDON JOHN F HERIOT-WATT UNIVERSITY RICCARTON EDINBURGH EHI44AS UK
SOCCOLICH CARL E AT&T BELL LABS CRAWFORDS CORNER ROAD HOLMDEL, NJ 07733 USA
SOILA RISTO 0 NOKIA TELECOMMUNICATIONS PO El 33 ESPOD SF 02601 FINLAND
SPITZ ERICH THOMSON 173 BOULEVARD HAUSSMANN PARIS FR 75000 FRANCE
STEPHENS WILLIAM E BELLCORE 445 SOUTH ST MRF 2L-133 MORRISTOWN, NJ 07960 USA
STEVENS PETER J UNIV COLLEGE LONDON DEPT OF EE, TORRING. PL LONDON WCIE7JE UK
SU SHING FONG GTE LABORATORIES 40 SYLVAN ROAD WALTHAM, MA 02254 USA
SUSSNANN RICARDO S AMOCO TECHNOLOGY CO PO BOX 400 MS F4 NAPERVILLE, IL 6n566 USA
SUYAMA TAKAHIRO SHARP CORP CENTRAL RESEARCH LABS TENRI NARA 61l JAPAN
SYUJI SUZUKI NEC CORPORATION 4-1-1 MIYAZAKI, MIYAMAE KAWASAKI 213 JAPAN
TANIDA JUN OSAKA UNIVERSITY 2-1 YAMADAOKA SUITA 565 JAPAN
TAfLOR BRAD K E I DUPONT DE NEMOURS PO BOX 80357 WILMINGTON, DE 19880 USA
TAYLOR MICHAEL G UNIV COLLEGE LONDON DEPT OF EE, TORRING. PL LONDON, ENGLAND WC1E7JE UK
TAYLOR GEOFF AT&T BELL LABS CRAWFORDS CORNER RD HOLMDEL, NJ 07733 USA
THALMANN RUEDI UNIVERSITY OF NEUCHATEL INST DE MICROTECHNIQUE NEUCHATEL CH2000 SWIiLrRLAND
THIENPONT HUGO VRIJE UNIVERSIT. BRUSSEL PLEINLAAll 2 BRUSSELS 1050 BELGIUM
THOMPSON RICHARD A AT'T BELL LABORATORIES 600 MOUNTAIN AVENUE MURRAY HILL, NJ 07974 USA
ThYLEN .AF5 EiLbuN TELECOHi b-i2 25 IUUHOLn SiE Ei
TICKNOR TONY LOCKHEED 10215 EMPIRE AVENUE CUPERTINO, CA 95014 USA
TOMBLING CRAIG C UNIV COLLEGE LONDON DEPT OF EE, TORRING. PL LONDON, ENGLAND WCIE7JE UK
TOOLEY FRANK A HERIOT-WATT UNIVERSITY RICCARTON EDINBURGH EHI44AS UK
TORCHIN LUCIEN LABS DE MARCOUSSIS ROUTE DE WOZAY MARCOUSSIS 91460 USA
TROMBORG BJARNE TFL TELECOMM RES LAB LYNGSO ALLE Z HORSHOLM OK 2970 DENMARK
TSANG DEAN Z MIT LINCOLN LAB PO BOX 73 LEXINGTONi MA 02173 USA
TUCKER RODNEY AT&T BELL LABS ROOM HOH-LI37 HOLMDEL, NJ 07733 USA
UJKACHI TAKASHI CORNELL UNIVERSITY 189 CLARK HALL ITHACA NY 14853 USA
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VAN ECK TIMOTHY LOCKHEED 3251 HANOVER ST PALO ALTO, CA 94306 USA
VEACH ROBERT S AT&T BELL LABS 200 PARK PLAZA NAPERVILLE, IL 60566 USA
VERBER CARL M GEORGIA TECH SCHOOL OF ELEC ENG ATLANTA, GA 30332 USA
VESELKA JOHN AT&T BELL LABS CRAWFORDS CORNER RD HOLMDEL, NJ 07733 USA
VOUNCKX ROGER VRIJE UNIVERSIT. BRUSSEL PLEINLAAN 2 BRUSSELS 1050 BELGIUM
WAGNER KELVIN H UNIV OF COLORADO BOULDER DEPT OF ECE BOX 425 BOULDER, CO 80309 USA
WALKER SUE AT&T BELL LABS 46532 CRAWFORDS CRNR RD HOLMDEL, NJ 07733 USA
WALTER HERBERT DEUTSCHE BUNDESPOST FTZ P0 BOX 5000 DARMSTADT 0-6100 FED REP GER
WANG JIANMING UNIV OF SO CALIFORNIA SIPI, DEPT OF EE LOS ANGELES, CA 90089 USA
WATKINS LAURENCE S AT&T BELL LABORATORIES PO BOX 900 PRINCETON, NJ 08560 USA
WATSON TOM AT&T BELL LABORATORIES 8392C ROSWELL RD NE ATLANTA, GA 30350 USA
WEINER ANDREW BELLCORE 331 NEWMAN SPRINGS RD RED BANK, NJ 07701 USA
WEISBUCH CLAUDE C THOMSON CSF LCR BPIO 91401 ORSAY FRANCE
WEST LAWRENCE C AT&T BELL LABS 46518 CRAWFORUS CRNR RD HOLMDEL, NJ 07733 USA
WHITE IAN H CAMBRIDGE UNIV ENG DEPT TRUMPINGTON ST CAMBRIDGE, ENG CB? 1PZ UK
WHITEHEAD NIGEL BRITISH TELECOM RESEARCH MARTLESHAM HEATH IPSWICH SUFFOLK !P!24QR UK
WHITEHEAD MARK UNIV COLLEGE LONDON DEPT OF EE. TORRING. PL LONDON, ENGLAND WC1E7JE UK
WILLIAMSON RICHARD C MIT LINCOLN LAB PO BOX 73 LEXINGTON, IA 02173 USA
WOLFF ULRICH W SIEMENS AG OTTO-HAHN-RING 6 83 MUENCHEN 08000 FED REP GER
YAMABAYASHI YOSHIAKI NTT TRANSMISSION SYS LAB TAKE 1-2356 YOKOSUKA-SHI 238 87185 JAPAN
YAMAKOSHI SHIGENOBU FUJITSU LABS LTD 10-1 MnRINOSATO WAKAMIYA ATSUGI 243-01 JAPAN
VAMANISHI MASAMICHI HIROSHIMA UNIV DEPT OF PHYS ELEC HIGASHI-HIROSHIMA 724 JAPAN
YAN RAN HONG U C SANTA BARBAI{A DEPT ECE SANTA BARBARA, CA 93106 USA
YASUI TADAHIKO T NTT TELECOM 3-9-i1 MIDORICHU MUSAHINO, TOKYO 180 JAPAN
YASUO KAN HIROSHIMA UNIVERSITY SHITAMI SAIJYO HIGASHIHIROSHIMA 724 JAPAN
YOKOYAMA HIROYUKI NEC CORPORATION 4-1-1 MIYAZAKI, MIYAMAE KAWASAKI 213 JAPAN
YU JEFFREY JW JET PROPULSION LAB 4800 OAK GROVE DRIVE PASADENA, CA 91109 USA
ZIARI MEHRDAD UNIV OF SOUTHERN CALF UNIVERSITY PARK LOS ANGELES, CA 90254 USA
ZUCKER JANE AT&T BELL LABS RM 4F 319 BELL ABS HOLMDEL, NJ 07733 USA

TOTAL ATTENDANCE = 234
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TUESDAY, FEBRUARY 28,1989 WEDNESDAY, MARCH 1, 1989-Continued

SALON FOYER SALON G

6:00 PM-9:00 PM REGISTRATION/RECEPTION 10.45 AM (Plenary paper)
WA3 Devices for Photonic Switching, Lars Thylen,
Ericsson Telecom., Sweden. State-of-the-art devices for
photonic switching are reviewed emphasizing the time and

WEDNESDAY, MARCH 1, 1989 space switching areas. (p. 6)

SALON D 11:30 AM (Plenary paper)
WA4 A New Direction In Photonic Switching, Paul R. Pruc-

7:00 AM-8:30 AM BUFFET BREAKFAST nal, Princeton U. Limitations In conventional photonic
switching architectures, including time division, wavelength
division, and space division, are reviewed. A novel "shared-

SALON FOYEF, medium switch" Is proposed that permits all signals to share
a single high-bandwidth transmission path. (p. 7)

7:00 AM-5:30 PM REGISTRATIONISPEAKER CHECKIN 12:15 PM-200 PM LUNCH BREAK

SALON G SALON F

8:30 AM-8-45 AM 2:00 PM-5:30 PM
OPENING REMARKS WAA JOINT PHOTONIC SWITCHING AND OPTICAL
Peter W. Smith, Bellcore COMPUTING PLENARY SESSION

8:45 AM-12:15 PM Joseph W. Goodman, Stanford University, Co-presider
WA PLENARY SESSION John E. Midwinter, University College London, U.K.,
Peter W. Smith, Bellcore, Presider Co-presider

:45 AM (Plenary pape 2:00 PM (Plenary paper)
WAl Broadband Electronic Switching, J. E. Berthold, Bell- WAA1 OEIC Technology for Photonic Switching, S.
core. Electronic switching research Is rapidly advancing Yamakoshi, Fujitsu Laboratories, Ltd., Japan. OEIC tech-
channel bandwidth, number of channels possible on a nology promises to construct new optical systems such as
switch chip, and the rate of channel connection changes. photonic switching, routing and other optical processing

operations. The state-of-the-art and future prospects of0 2) OEICs for photonic switching are discussed. (p. 10)

9:30 AM (Plenary paper) 2:45 PM Plenary paper)
WA2 Photonlc Switching Systems Expeiments In the Eu- WAA2 Quantum Well Devices for Optical Computing nd
ropean RACE Program. Nigel Whitehead, British Telecom wiAcQnt D ier Tial omting andResearch Laboratories, U. K.; Nick Parsons, Marconi Re- Switching, David A. B. Miller, A T&T Beii Laboratories. Quan-
Rsearch Labrtries, U. K.; Nick Pars , SC Mrcnl e, tum well electroabsorptive self-electrooptlc-effect devicessearch Centre, U. K.; Paul Vogel, ASCOM Central Dept., are attractive for 2-D arrays for switching and processing.
Switzerland; Goren Wicklund, ELLEMTEL, Sweden. Some Novel integrated configurations and progress toward arrays
photonic switching systems experiments are described
which exploit space, wavelength and time-division tech- are summarized. (p. 11)
niques under development within the European RACE pro-
gram. (p. 3) SALON D

SALON D 3:30 PM-40)0 P1. COFFEE BREAK

1015 AM-10:45 AM COFFEE BREAK SALON F

4:00 PM (Plenary paper)
WAA2 Switching In an Optical Interconnect Environment,
Joseph W. Goodman, Stanford U. The requirements placed
on switching in an optical interconnect environment differ
significantly from those present In long distance telecom-
rnolon,' Rll¢Ouinn n~u nnnrctc thgfQ t wi ulh rallatle~n

(p. 14)

V



WEDNESDAY, MARCH 1, 1989-Continued THURSDAY, MARCH 2,1989

4:45 PM (Plenary paper) SALON D
WAA4 Relationship Between Photonic Switching and Op.
tical Computing, H. Scott Hinton, A T&T Bell Laboratories. An 7-00 AM-8:30 AM BUFFET BREAKFAST
outline of the relationship between the hardware re-
quirements of ;':otonic switching and optical computing
systems, is presented. (p. 16) SALON FOYER

7:30 AM-5:30 PM REGISTRATIONISPEAKER CHECKIN
SALON D

SALON E
600 PM-7:30 PM CONFERENCE RECEPTION

8:30 AM-9.45 AM
ThA DEVICES FOR TIME-DIVISION SWITCHING

SALON F SYSTEMS
T. Nakagami, Fujitsu Laboratories, Ltd., Japan, Presider

8:00 PM-10:00 PM
PANEL DISCUSSION "Impedimenta" 8:30 AM (Invited Paper)

ThA1 Encoding and Decoding of Femtosecnd Pulses for
Photonic switching is advancing rapidly. When will It be pos- Code-DMslon Multiple Access, A. M. Weiner, J. A. Salehl, J.
sible to make use of these advance, and what are the pro- P. Heritage, M. Stern, Bellcore. We demonstrate encoding
blems that must first be solved? A pane; discussion to sense and decoding of femtosecond optical pulses, and propose
the curr(nt status will be held after the reception. The panel and analyze a code-division multipic access communlca-
will consider the questior,: tions system based on such encoding and decoding.

What are the Impediments to practical photonic switching (p. 18)
systems?

Audience participation will be encouraged. Comments on 9:00 AM
matters such as signal processing, network control, packag- ThA2 Velocity Matched TI:LINbO, Switch for 18-Gl t/s Op.
ing, multidimensional extension of switches, and opinions tical Time-DMsIon Multiplexing, J. J. Veselka, Steven K. Kor-
on devices, systems, services and potential uses are sought. otky, AT&T Bell Laboratories. We demonstrate a TI:LiNbO,

switch at 1.3-/sm wavelength that is optimized for 8-GHz
operation using velocity matching via periodic phase rever-
sal. Crostalk values of - 16 dB at 8 GHz were achieved for
both switch states with a low drive power of 234 mW.
(p. 21)

9.15 AM
ThA3 Improved Operation of a Two-Core Fiber All-Optical
Switch Using Ferntosecond Square Optical Pulses, Y.
SiIberberg, A. M. Weiner, H. Fouckhardt, D. E. Lealrd, M. A.
Salfl, M. J. Andrejco, P. W. Smith, Bellcore. We measure all-
optical switching In a dual-core fiber nonlinear coupler. By
using femtosecond square pulses, we obtain enhanced
power transfer and sharp switching transitions. (p. 24)

9.30 AM
ThA4 Novel All-Optical Kerr Amplification wlth Wavelength
Switching In a Single-Mode Blrefringent Fiber, A. S. Davison,
I. H. White, Cambridge U., U. K. A new form of all-optical am-
plification Is demonstrated where a singal Is amplified and
switched to the pump wavelength, using the high speed Kerr
effect. (p. 27)

vi



THURSDAY, MARCH 2,1989-Continued THURSDAY, MARCH 2, 1989-Continued

SALON D 11.00 AM
ThC2 Optical Interconnection Networks Employing Multi-

9:45 AM-10:30 AM plexed Crospoints, P. Healey, British Telecom Research
ThB POSTER SESSION Laboratories, U. K. New image switching networks employ.

Refreshments served ing spatially multiplexed crosspoints and birefringent Inter-
connects are described, which simultaneously minimize

ThB1 Novel Optically Bistable Optoelectronic Device for In. both the crosspoint count and the switch control complexity.
frared Signal Processing, H. A. MacKenzie, A. litaif, J. (p. 51)
Hughes, J. J. Hunter, D. Ronaldson, Heriot-Watt U., U. K. A
new InSb cw bistable device has been developed which can 11:15 AM
be switched either optically or electrically and which can ThC3 Spatial Extension of Multistage Interconnection Net.
communicate Interactiveiy with conventional computing works, Josef Giglmayr, Heinrich Hertz Institute, F. R. Ger-
systems. (p. 32) many. Three questions are discussed for 3-D multistage In-

terconnection networks: 1) most appropiate regular Inter-
ThB2 Optical Bistable Switch Based on Self-Focusing In connection pattern, 2) number of stages, and 3) optimal size
an Artificial Kerr medium, N. P. Walker, Kings College Lon- of the switching modules. (p. 54)
don, U. K.; D. R. Drury, M. A. Fiddy, U. Lowell. A new design Is
proposed for an optically bistable device based on the self- 11:30 AM
focusing propertles of light using an artificial Kerr medium. ThC4 Nonblocking Photonic Space Switch Architectures
(p. 35) Utilizing Acoustooptic Deflectors, P. C. Huang, W. E.

Stephens, S. S. Cheng, T. C. Banwell, L A. Relth, Bellcore.
ThB3 Time Response of a Crossed Resonator, B. A. The unique 10 charar-*jristics of AO deflectors makes pos-
Capron, M. W. Derstine, D. A. Holm, Boeing Electronics High sible the constructlc,i of large switches with minimal Inser-
Technology Center. We present theoretical results showing tion loss and crosstalk. This was confirmed by an experi-
the time response of an optical switch consisting of two mental 4 x 4 switch. (p. 58)
crossed nonlinear Fabry-Perot etalons for both pulsed and
slnusoldal Inputs. (p. 37) 11:45 AM

ThC5 All-Optical Shift Register Using Symmetric Self-Elec-
ThB4 A pnpn Light-Emitilng Optical Switch, J. i. Pankove, trotoptic Effect Devices, F. B. McCormick, A. L Lentine, L
R. Hayes, A. Majerfeld, M. Hanna, E. G. Oh, D. M. Szmyd, D. M. F. Chlrovsky, L A. D'Asaro, AT&T Bell Laboratories. We
Suda, U. Colorado at Boulder; S. Asher, R. Matson, Solar demonstrate an all-optic shift register using a single reflec-
Energy Research Institute; D. J. Arent, G. Borghs, IMEC, tive symmetric 3elf!electrooptlc effect (S-SEED) device array,
Belgium; M. G. Harvey, David adamoff Research Center. This using techniques that are extensible to large arrays cl
pnpn photo-thy;istor is a threshold device capable of logic d3vIces. (p. 61)
functions and optical gain. On-Off response times of 10 ns
have been obtained. (p. 40) 12"C M-1.30 PM LUNCH BREAK

ThB5 Photonic Switching in InGaAsP Dynamic Memory
Devices, W. Kowalsky, M. Port, K. J. Ebeling, Braunschweig SALON E
Technical U., F. R. Germany. The dynamic memory charac-
teristics of InGaAsP photonic switching devices are Investi- 1:30 PM-3:00 PM
gated. An on-off ratio of 5.5:1 and hold times greater than 10 ThD FREE-SPACE DEVICES
ns enable clocked data processing. (p. 44) David A. B. Miller, AT&T Bell Laboratories, Presider

SALON E 1:30 PM
ThD1 Exclton-Enhanced Photonic Switching in GaAai

10:30 %M-12:00 M AIGaAs Fabry-Perot Resonators, W. Kowalsky, T. Hackbarth,
ThC FREE-SPACE SYSTEMS K. J. Ebeling, Braunschwelg Te,;hnical U., F. R. Germany.
A. L Lentine, AT&T Bell Laboratories, Presider Exciton-enhanced photonic switching In GaAs/AIGaAs

Fabry-Perot resonators .s demonstrated. Switching contrast
10:30 AM (Invited paper) of 10:1 is achieved at 1-mW control power. (p. 66)
ThC1 Free-Space Optical Systems for Switching, Intercon.
nections, and Computing, B. Keith Jenkins, U. Southern
California. The use of free-space optical systems for pho-
tonic switching, optical and hybrid computing Is discussed,
including architectural tradeoffs and comparisons with elec-
tronics. (p. 50)

vii



THURSDAY, MARCH 2, 1989-Continued THURSDAY, MARCH 2,1989-Continued

1:45 PM SALON E
ThD2 Transverse Modes and Waveguide Dispersion In
Submicron GaAs/AlAs Microresonators, J. L JewelI, S. L. 3:30 PM-5:15 PM
McCall, A. C. Gossard, J. H. English, A T& f Bell Laboratories; ThE MULTI-DIMENSIONAL SWITCHING SYSTEMS
A. Scherer, Bellcore. GaAs/AlAs inlcroresonators -0.5-1.5 Lars Thy:en, Ericsson Telecom, Sweden, Presider
pm In diameter show well-defined transverse modes and
waveguide dispersion. Smaller diameter devices seem to be 3:30 PM (Invited paper)
nearly single-mode. (p. 69) "hEl Dense WDM Networks wid Applications, Charles A.

Brackett, Bellcore. Recent progress In donse wavelength
2:00 PM division multiplexing and its use in new network architec-
ThD3 InGaAs/InP MOW 3 x 3 Planar Spatial Light Modu. tures is reviewed. including wavelength division switching
lator Grown by Gas-Source Molecular Beam Fpitaxy, M. A. Z. and local distribution. (p. 86)
Rejman-Greene, E. G. Scott, E. McGoladrick, British Telecom
Research Laboratories, U. K. Fabrication details and meas. 4:00 PM
urements are presented on the first, we believe, planar, 2-D ThE2 High.Speed Hitless Switching Using TI:LINbO,, J. R.
semiconductoi optical modulator arrays using InGaAsilnP Erickson, R. F. Hulsman, K. D. Major, R. .. Nordin, R. S.
MQW layers. (p. 72) Veach, A T&T Bell Laboratories. Urlng a ,orrbination of high.

speed bank switches and dual switching fabrics, we demon-
2:15 PM strate the feasibility of high.speed time-multipiexed switch-
ThD4 Batch Fabricated Symmetric Self-Electrooptlc Effect Ing with guldeo-wave photonics. (p. 89)
Devices, L. M. F. Chlrovsky, L_ A. D'Asaro, C. W. Tu, A. L Len-
tine, G. D. Boyd, David A. B. Miller, AT&T Bell Laboratories. A 4:15 PM
design of symmetric self-electrooptic effect devices with an ThE3 Experimental Modular Switching Syatem with a
internal dielectric mirror has enabled fabrication of arrays of Time.Multiplexed Photordc Center-Stage, R. A. Thcmpson, R.
devices suitable for digital optics system tests. (p. 76) V. Andorson, J. V. Camlet, P. P. Giordan3, A T&T Brit '.abora-

torias. An experimental time-space-time sw*i...,u dtom
2:30 PM has been constrct% 1. Multiuser switching modules are In-
ThD5 Diffuslc,:.Assisted Optk.al Switch: A Now Optical terconnected by a !tnium niobate switching network, under
Logic Device, Theodore Sizer II, Gabriela Livesuu, Jack Cunn- distributed control. Channels with high data rates are m;xod
Ingharn, David A. B. Miller, AT&T Bell Laboratories. with conventional channels. (p. 92)
Theoretical and experimental results from a new optical
:ogic device are presented which Indicate that it has speeds 4:30 PM
o; many GHz, sub-10 femtojoule energies, and is easily fab- ThE4 Extendible Optical Interconnection Network, D. W.
ricated. (p. 78) Smith, P. Healey, S. A. Cassidy, British Telecom Research

Laboratories, U. K. A new bus oriented, hierarchical multiple
2:45 PM access, optical Interconnection network Is presented. It of-
ThD6 Optical Back Plane Interconnect Technology for fers extendibility ana huge capacity b, ombining numerous
Computers, J. M. Hammer, Sr., David Samoff Research Cen- degrees of switching freedom. (p. i.j
ter; H. D. Hendr.cks, NASA Langley Research Center. We de-
scribe and analyze a novel approach for optically Intercon- 4:45 PM
necting any row of one M x N back plane array to any row of ThES Ex.rment with Photonlc Wavelength-DMslon and
a second array. (p. 81) Tlme.Dlvision Hyhdd Switching, M. Nishlo, S. Suzuki, N.

Shimosaka, T. Numal, T. Mlyakawa, M. Fujlwara, M. Itoh,
NEC Corp, Japan. Fast wavelength tuning of a filter and

SALON D laser diode over four of eight wavelengths Is confirmed. It
shows eight-wavelength-division and four.time-divlsion hy.

3.00 PM-3:30 PM COFFEE BREAK brid switching capability. (p. 98)

5.00 PM
ThE Passive Spectral Commutator and the Archtecturs
of Usual and Optical Networks, E. M. Dianov, A. A. Kuznetsov,
S. M. Nefjodov, G. G. Voevodkln, Academy of Sciences of the
U.S.S.R. A passive spectral commutator Is proposed and
realized. In optical net abonent changes the wavelength
(mutual address), In usual net tunable lasers before com-
mutator are necessary. (p. 101)

Viii



THU!!SDAY, MARCH 2,1989-ontinued FRIDAY, MARCH 3,1969

5:15 PM-8O00 PM DINNER BREAK SALON D

7:00 AM-8:30 AM BUFFET BREAKFAST
SALON E

8.00 PM-9:00 PM SALON FOYER
POSTDEADLINE PAPER SESSION
H. S. Hinton, AT&T Bell Laboratories, Presider 7:30 AM-5:30 PM REGISTRATION/SPEAKER CHECKIN

SALON E

8:30 AM-9.45 AM
FA PACKET SWITCHING SYSTEMS
Paul R. Prucnal, Princeton University, Presider

8:30 AM (Invited paper)
FA1 Optical Processing In Photonic Switching Systems,
Ikutaro Kobayashl, NTT Communication Switching Labora-
tories, Japan. The advanced features of optical technologies
will trigger further evolution In communication switching
systems. This evolution will, in turn, stimulate the evolution
of optical processing. (p. 106)

9:00 AM
FA2 Optical Technology In Fast Packet Switching, Paola
Cinato, Alfredo de Boslo, Turin CSELT, Italy. An electro-
optical fast packet switching mode model for the public tele-
communication network is proposed, and the main optical
switching matrix requirements are Investigated. (p. 109)

9:.15 AM
FA3 Photonic Packet Switch Using Optical BuffrA Memo-
rie, S. Suzuki, ri. Suzuki, K. Kasahara, M. Fujiwara, T. Take-
uchi, NEC Corp., Japan. Extremely high-speed photonic
packet switches, using wavelength-division multiplexed fiber
loop buffer memories or a massively parallel interconnected
optical memory 2-D array, are proposed. (p. 112)

9:30 AM
FA4 InP Based 4 x 4 Optical Switch Module and Its Appli-
cation to ATM Switching, H. Inoue, T. Kato, Y. Sasaki, K.
Ishida, K. Mizuishi, E. Amada, Hitachi, Ltd., Japan; S. Kashi-
mura, Hitachi Cable, Ltd., Japan. The module hosting a 4 x
4 polarization independent optical switch with an original
fiber attachment was fabricated and tested. Its use in ATM
switching is proposed. (p. 115,

ix
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SALON D 11:15 AM
FC3 Self-Clocked Optical Time-Slot Interchanger, Philippe

9:45 AM-1030 AM A. Perrier, Paul R. Prucnal, Michel W. Chbat, Princeton U. A
FB POSTER SESSION novel time division photonic switch is reported. Fiber delays

Refreshments served are used as optical memories, no reading gate Is required,
and the switch operated asynchronously. (p. 139)

FB1 Optical Parallel Processor for Control of Pholonic

Switching Networks, Daniel J. Blumenthal, U. Pennsylvania. 11:30 AM
A parallel optical processing architecture for the control of FC4 Efficient Clock Distribution In a HIgh-Speed Time.
photonic switching networks is proposed. The high space- Multiplexed-Switched Optical Network, Steven K. Korotky, A.
bandwidth product of bulk optics and holographic optical Azizi, AT&T Bell Laboratories. We demonstrate an efficient
elements improves throughput and delay while concurrent method for clock distribution in time-multiplexed-switched
processing allows simultaneous control of switch cross- optical local area networks. The local clock of a 4-GbltJs ter-
points. (p. 120) minal on an experimental network is synchronized to the

switch master clock located 5 km from the terminal.
FB2 Characterization of High-Speed Electrodes for LINbO, (p. 142)
Electrooptic Switch Arrays, R. A. Nordin, M. T. Ratajack,
AT&T Bell Laboratories. High-speed lossy electrodes for 11:45 AM
electrooptic switch arrays display superior performance FC5 Experiments on the Optical DropInsert Function Us-
when unterminated, compared with properly terminated Ing Bistable Laser Dlod s for Optical Access Nodes, S.
electrodes, thus relieving routing and power constraints. Masuda, N. Fujimoto, H. Rokugawa, K. Yamaguchi, S.
(p. 123) Yamakoshl, Fujitsu Laboratories, Ltd., Japan. A novel ap-

proach to optical signal access is proposed. We success-
FB3 All-Optical Signal Routing Using Bistable Interfer fully made the optical direct drop/insert function from/to a
omuters, G. S. Buller, S. D. Smith, A. C. Walker, Heriot-Watt 50-MbitJs data highway using bistable las6r diodes. (p. 145)
U., U. K. An examination of the potential use of bistable inter-
ferometers in signal routing is presented. Device contrast,
switch networks, and wavelength routing are discussed. 12:00 M-1:30 PM LUNCH BREAK
(p. 126)

F84 Self.Routing Optical Switch Using Ring Topology, S. SALON E
F. Su, K. T. Koai, GTE Laboratories. A self-routing optical
switch using ring topology is proposed. This switch self- 1:30 PM-3:15 PM
routes multiple optical packets simultaneously becau3e FD SEMICONDUCTOR DEVICES
transfers of data inside the switch are parallel. (p. 129) R. I. MacDonald, Alberta Telecommunications Research,

Canada, Presider

SALON E 1:30 PM (Invited pape)
FD1 Bistable Laser Amplifier3 as Optical Memorles/Regein-

10:30 AM-12:00 M orators In Photonic Switching Systems, M. J. Adams, British
FC TIME-DIVISION SWITCHING SYSTEMS Telecom Research Laboratories, U. K. Recent progress In the
T. Yasui, NTT Telecommunication Networks Laboratories, nonlinear properties of semiconductor laser optical ampli-
Japan, Pi- s'.ier fiers is reviewed with especial attention to potential use In

switching and signal regeneration. (p. 150)10:30 AM (Invited paper)
FC1 Time Multiplexed Optical Systems, R. S. Tucker, G. 2:00 PM
Eisenstein, Steven K. Korotky, AT&T Bell Laboratories. We FD2 Optical Flip-Flop Operation of a Bistable Laser Diode
survey recent progress in optical time-division multiplexed Using One-Wavelength Light Signals, T. Odagawa, S. Yama-
systems, with special emphasis on transmission and switch- koshi, Fujitsu Laboratories, Ltd., Japan. Optical flip-flop
ing at multigigabit per second data rates. (p. 134) operation of a bistab!e laser diode has been demonstrated

using one-wavelength light signals that have different pulse
11.00 AM width or pulse intensity. (p. 153)
FC2 Experimental 512-Mbitls Time-Division Photonc
Switching System, T. Shimoe, S. Kuroyanagl, K. Murakami,
H. Rokugawa, N. Mekada, T. Odagawa, Fujitsu Laboratories,
Ltd., Japan. Vie have developed a high-speed thermally
stable photonic time-division switching syste'm. Stable
512-Mbit/s switching was obtained with the optical and 6lec-
tri,'aIl . .. .i... l mniinf=d In a Qin Iao ra-nk Ifl 11.
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2:15 PM 4:15 PM
FD3 Effect of Aix.ober Position in Bistable InGaAsP FE2 Systems Experiments with a Packaged 4 x 4 Polarl-
Lasers, UIf Ohiandev. Olof Sahlen, Royal Institute of Tech- zation Independent Switch Matrix, Per Granestrand, Lars
nology, Sweden. Threshold current, hysteresis width, lumi Thylen, Ericsson Telecom, Sweden; Bjorn Stoltz, Jan-Erik
nescence wavelength, and carrier redistribution depend Falk, Ericsson Components AB, Sweden. We report systems
strongly on whether the middle section or the end-facet sec- experiments involving transmission of 2-Gbitls signals
tion is used as an absorber in a bistable laser. (p. 156) through a 4 x 4 polarization independent switch matrix. In-

fluonco of crosstalk on oit error rate is investigated.
2:30 PM (p. 171)
FD4 Traveling Wave Semiconductor Laser Amplifiers for
Simultaneous Amplification and Detection: Systems Experl- 4:30 PM
ments, Mats Gustavsson, Lars Thylen, Anders Djupsjobacka, FE3 Comparison of Linear and Reflective 4 x 4 Ti:LiNbO3
Ericsson Teleccm, Sweden; Anders Karlsson, Royal Institute Switch Arrays, P. J. Duthie, M. J. Wale, I. Bennion, Plessey
of Technology, Sweden. We present results on systems ex- Research Caswell, Ltd., U. K. A LINbO, reflective 4 x 4
periments on a near traveling wave semiconductor laser am- crossbar switch array has been compared with a conven-
plifier used simultaneously for amplification and detection of tional crossbar array. Significantly reduced length and inter-
optical signals. Bit eirror rate as well as bandwidth measure- face complexity have been demonstrated. (p. 174)
ments are reported. (p. 159)

4:45 PM
2:45 PM FE4 Small Size Low-Crosstalk GaAs/AIGaAs Electrooptic
FD5 Compact InGaAsP Quantum Well Electrooptic Wave- Directional Coupler Switches with Alternation A0 for Long
guide Switch, J. E. Zucker, K. L. Jones, M. G. Young, B.1. Wavelength Matrix Switches, K. Komatsu, M. Sugimoto, A.
Miller, U. Koren, AT&T Bell Laboratories. We have utilized the Ajisawa, A. Suzuki, NEC Corp., Japan. Small size (2-mm long)
large excitonic electrorefraction and tunable band gap in GaAs/AIGaAs directional couplers, with crosstalk as low as
high quality InGaAsP quantum wells to produce compact di- - 16 dB at X = 1.3 pn without a requirement for precise
rectional couplers operating at 1.55-jum wavelength. (p. 162) device dimensions control, have been achieved by using an

3:00 PM alternating M technique. (p. 177)

FD6 High-Gain Optical transistors Resistant to Pump In- 5.00 PM
stability, Alex A. Maier, Academy of Sciences of the U. S. S. FE5 Swttch Matrix with Semiconductor Laser Amplifier
R. Self-switching of radiation in nonlinear systems with two Gate Switches: A Performance Analysis, Mats Gustavsson,
1-D distributionally coupled waves is considered for thc gen- Lars Thylen, Ericsson Telecom, Sweden. A performance
eral case when both waves are fed into the system and their analysis of a space division switch matrix based on semi
nonidentity is taken into account. The possibility is dis- conductor laser amplifier gate switches Is presented in
cussed of optical transistors with a high gain that are re- ternis of technological and systems requirements. (p. 180)
sistant (o pump intensity instability. (p. 165)

5:15 PM
SALON D FE6 A Linear Torsion-Hinged Deformable Mirror Device for

Optical Switching Applications, R. Mark Boysel, T. Gus
3:15 PM-3:45 PM COFFEE BREAK McDonald, Jeffrey B. Sampsell, Texas Instruments, Inc. We

will describe a deformable mirror device and discuss its
SALON E system-dependent optical performance in two applications:

optical crossbar switching and frequency excision.

3:45 PM-5:30 PM (p. 183)
FE SPACE-DIVISION SWITCHING
S. S. Cheng, Bellcore, Presider 5:30 PM-5:45 PM CLOSING REMARKS

John E. Midwinter, University College London, U.K.
3:45 PM (Invited Paper)
FE1 HDTV Photonic Space-Division Switching System Us-
Ing 8 x 8 Polarization Independent LINbO, Matrix Switches,
S. Suzuki, H. Nishimoto, M. Iwasaki, S. Kajitanl, M. Kondo, M.
Shikada, M. Ashibe, F. Akashi, NEC Corp., Japan. A photonic
switching system using a 3-stage network with newly devel-
oped 8 x 8 polarization independent LiNbO. switches suc-
cessfully operated in switching HDTV signals, transmitted
through ordinary optical fibers. (p. 168)
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BROADBAIO ELECMONIC SWIMMU

J.E. Berthold
Bellcore

Roam 3Z331
331 Newmn Springs Road

Red Bank, NJ 07701

Electronic switching research is rapidly advancing channel bandwidth,

number of channels possible on a switch chip, and the rate of channel

connection clanges.
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Photonic Switching Systems Experiments in the European
!,ACF Programme.

Ni~el Whitehead, Nick Parsons,
British Telecom Research Laboratories, Marconi Research Centre,
Martlesham Heath, Great Baddow,
Ipswich, IP5 7RE, England. Chelmsford, CM2 8HN, England.

Paul Vogel G~ran Wicklund
ASCOM Tech. Research Laboratories, ELLEMTEL
Belpstrasse 23, PO Box 1505
CH 3000 Bern 14, Switzerland. S 12525 Alvsj, Sweden.

Some photonic switching systems experiments are described which exploit space, wavelength and
time divisioa techniques under developrient within the European RACE programme.

Introduction information. The resulting network is designed
to carry multiple broadband and narrow band

Over the last decade optical transmission has services using Asynchronous Transfer Mode
come to domina.,, telecommunications networks, (ATM) at a maximum rate per ring of 8 M cells/s.
in conjunction wih digital time division in both
transmission and switching. If photonic systems A third systems experiment will be described in
are also to enter the switching arena, devices will the presentation which explores the possibilities
probably be needed which are able to operate for network access control on fibre optic
synchronously with the payload bitstream. Thus subscriber lines in which photonic switching
in these experiments we have sought to exploit elements are used to provide flexible access to
some photonic techniques which break into the broadband networks and services.
bit stream and which might be relevant to future
high capacity switcing applications. Time Multiplex Switched Network Design

The first systems experiment to i'e described uses The photonic space switch employs a
an optical time multiplexed space switch (TMSS) splitter/combiner architecture '4] and is
within a digital network similar in concept to that .onstructed from sixteen I x 16 Lithium Niobate
proposed by Habara and Kikuchi [11, but with a passive splitter arrays and sixteen 16 x 1 active
number of novel features which provide the combiners. The two stages are cross-connected
capability for use within a wide area fibre optic using an interconnection array comprising 256
network (Oee Figure 1). The pbotonic switch is waveguides. The splitter/combiner architecture
integrated with remotely located electronic time has a number of significant advantages when it is
switches to create a strictly non blocking used in a time multiplexed network as proposed.
switching fabric supporting initially about 35000 It can be constructed such that all possible paths
x 64kbit/s channels or equivalent payload through the switching structure exhibit a
capacity in broadband channels. common optical path length and common

insertion loss. The crosstalk performance of
A second experiment exploits photonic switching esplitter/combiner arrays is good and hence
in a very high speed optical loop system favourable signal to noise ratios (SNR) through
(VHSOL). Some reported systems [2 & 31 have the switch car, be achieved. In addition the high
used photonic switching elements for protection speed control of a binary tree structured switch is
and healing. With the VHSOL system we want relatively simple.
to go a step further in using photonic switching
devices for handling high speed optically coded Hybrid Mach-Zehnder unit cells [51 are used to

3
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Figu~e 1 Time Multiplex Switched Network

Remnote Electronics t [u _ ycRemote=

Electonicsm I Photonic space switch |

byte 9uard

Transit =e5anX

construct the acn c.e 16 x I combiner arrays, and with~in the tolerance imposed by the guard band.simple Y-junction unit cells are used in the A C.onfig'.tation store provides cyclic control of
passive 1 x 16 splitters. The active unit cells are the photonic switching matrix, and local
ontro7 led using separate DC bias voltages and configuration stores are provided within each
high ,peed switching voltages. Polarisation time switch. Requests for channel switching are

insensit. vity is traded for a low switching voltage processed by the central control which updatesof less thn 5 volts, thus permitting the switch to the space and time switch configuration stores.
be operated with switch transition times of under
5ns. The switching elements exhibit an optical A key feature of the splitters used in the network
bandwidth of about 50nm thus permitting the is that they each i.ncorporate a polarisation
switch throughput capacity to be extended using scramb~ler on the optical inlet. Likewise the
a wavelength division multiplex. combiners incorporate polarisation filters on

their optical inlets. Thus the passive
Sixteen electronic ime switches are employed in interconnection array does not need to maintain
the network, each comprising a receive and polarisation. In addition, optical compatibilitytrasmit channel store. The time switches are between the photonic switch matrix and existing
designed to operaate a data rate of 155 Mbit/s standard singlemode fibre networks is achieved

with the intention of moving 'o compatibility at the cost of an additional 3dB insertion loss.with the Synchronous Digital HPolarchy (SDH) This feature, together with the use of centralized
standard. in order to maintain a strictly non synchronisation cntrol permits the time switches
blocking switching fabric, the tine switches to be locatd remotely from the time multiplexed
bupport n x 2n channels. Thus the interface to the space switch, greatly enhancing the applications
space switch es a serial data stream of 2n potential of the network.

channels. In addition before optoelectronic signal
conversion, each byte is interleaved with a guard The initial IMSS configuration permtits byteband of byte length, 12.5 ns. switching on a single wavelength. The system

capacity can be extended by the introduction of
Sycronisation and control of the network is cell switching in which each byte of a 32 octet cell
centralised at the space switch. An optical path is carried in parallel on a different wavelength
ranging sheme may be used to determine the (see Figure 1) in a high density wavelength
delays between each of the time switches and the division multiplex. It is possible to design the
central space switch. The operation of the time read/write structure of the time switch payload
switches can thus be synchronised with the stores in a way which would greatly facilitate a
reconfiguration cycle of the time multiplexed cell parallel output to the WDM lasers and
space switch by means of a feedback mechanism receivers. The single wavelength TMSS has acaaiycnb4xeddb h nrdcino



WA2-3

total payload capacity of 2.4 Gbit/s at 64kbit/s Potential
channel granularity. This is not very short of the
maximum swi'chirng capacity of todays digital We have shown that high data throughl .ts can
electronic central office systems. The proposed be achieved using photonic switching in ways
multi wavelength network offers many times that which integrate wiih time multiplexed digital
capability, structures and with fibre local access networks.

In the future, very nv-,cb more capable photonic
Very High Speed Optical Loop Design switch fabrics may I', bui!t. For example, zero

insertion loss switchr i and modulators may soon
The VHSOL is configured as a hierarchic;.l be available for systems applications using
structured multiple fibre ring system comprising compound semiconductor materials, with
a backbone double ring, and secondary rings (see integrated photonic amplifiers and electronic
Figure 2). Fixed length slots of 36 octets are used. elements. In addition photonic signal retiming
Full slots contain a complete ATM cell and empty may be Introduced, opening up the possibilities
slots contain unmodulated light. Guard bands of all-optical clock distribution and
carrying slot status infomation for the Medium synchronisation control. These posbilities are
Access Protocol (MAC) are introduced between being examined with a view to er'ancing the
consecutive sots. A key system feature is the use systems we have described.
of the sprea i header principle in which the header
belonging 0 a certain slot is spread over the time Acknowledgements
interval of the preceding filled slot.

This work is partly supported by the European
Fibre loop access (LAP) is implemented on the Commission under RACE Contract R1033.
secondary rings based on 1x2 directional coupler
switches in Lithium Niobate which are used to References
listen, switch and modulate. In the listen state
relatively low power has to be coupled out from [1] K Habara and K Kikuchi, "Optical Tine-
the fibre loop for header detection. If the header Division Space Switches using Tree-structured
processor recognises its own node address, the Directional Coplers", Electronics Letters, Vol 21
information field in the next following full slot is No 14,4 July 1985.
extracted, switching maximum coupled optical
power to the receiver. Data is coupled to the ring [2] Flatman & Caves, '"DDI-II A new standard
by the modulation of empty slots. A certain for Integrated services High Speed LANs",
number of LAPs can be connected to the fibre Wideband Communications (1986), Online
loop before optical regeneration becomes Publications, U,.
necessary or connection is made to the backbone
ring. In the initial design, access between the [3] N Fugimoto, P Ishihara, A Paniguchi, H
secondary rings and the backbone uses lasers and Yamashita and K Yamaguchi "Experimental
receivers, but more advanced designs are being Broadband Drop/Insert/Cross Connect System:
considered using integrated optoele.ronics. 1.8Gb/s Optical Shuttle Bus", Proc. IEEE

Figure 2 to Receiver Globecom 1988.
VH L -1 [4] R A Spanke, "Architectures for Large

LAP control Nonblocking Optical Space Swit:hes', IEEE
Journal of Quantum Electronics, Vol. QF.22, No.

Seondarying 6, June 1986, pp. 964-967.

. , R t . [51 T Pohlmann, A Neyer and E Voges,
R T Pactbone 'Ti:LiNbO3 Interferometric Activated X-switch

- R;ng for high-speed applications", Electronic Letters,
Vol 24 No 9, 28 April 1988.
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DEVICES R PH91ONIC SWITCHIN

Lar Thylen, Ericsson Telecan
Integrated Optics and Photonic Switching

S-126 25 Stockholm, Sweden

State-of-the-art devices for photonic switching are reviewed emphasizing

the time and space switching areas.
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A New Direction in Photonic Switching

Paul R. Prucnal
Department of Electrical Engineering

Princeton University
Princeton, NJ 08544

Limitations in conventional photonic switching architectures, including

tim division, Navelength division, and space division, are reviewed. A

novel "shared-medium switch" is proposed that pernits all signals to share

a single high-bandwidth ;,i.r:-.zrission path.
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JOINT PHOTONIC SWITCHING AND
OPTICAL COMPUTING PLENARY SESSION

Joseph W. Goodman, Stanford University,
Co-presider

John E. Midwinter, University College London, U.K.,
Co-presider

9



WAA1--I

OEIC Technology for Photonic Switching

S. Yamakoshi
Fujitsu Laboratories, Ltd.
10-1, Morinosato-Wakamiya, Atsugi 243-01, Japan

OEIC technology is promising to construct the new optical systems such as

photonic switching, routing and other opitcal processing operations. The

state-of-the-arts and future prospects of OEICs for photonic s';itching

are discussed.
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Quantum Well Devices for Optical Computing and Switching

D. A. B. Miller,

AT&T Bell Laboratories,

Holmdel, NJ 07733

The future prospects for both optical computing and photonic switching are clearly
very dependent on advances in devices. This is especially true in the case of large
scale applications requiring arrays of devices. Not only must the individual devices
have good physical performance, they must also (i) operate at very low energies so
that the array can be powered optically if required 1nd have sufficiently low overall
dissipation, (ii) be fabricatable in uniform arrays, and (iii) have sufficiently
sophisticated functionality to allow efficient design of complex systems. Any one of
these requirements suggests integration; taker ogether, we can see that a technology
that offers straightforward integration of large numbers of flexible devices is essential
for such array applications. Given that there are very few physical mechanisms that
can offer sufficiently low operating energies for optical devices regardless of
integration, we can see that this is a hard problem.

The potential return for a suitable technology is. however, large. Not only are
there many architectural advantages in parallel optics, there are also now clear and
relatively fundamental physical arguments why optics is actually better than
electronics for communicating inside processors; the impedance transformation
performed by optical devices can actually reduce the energy required for
communication inside the processor.' To exploit this impedance transformation also
requires integration since the capacitance of any connections between the opto-
electronic devices and the electronic devices should be smaller than the device
capacitances themselves. Indeed, it is arguable that much of the desire to avoid
optical-electronic-optical conversions is because of lack of integration.

Quantum well devices have emerged over the past few years as strong candidates
for optical switching and logic devices, especially for high-performance two-
dimensional arrays compatible with free-space optics. One physical reason for this is
the quantum-confined Stark effect eiectroabsorption mechanism,2 which offers a low
energy means for getting optical information out of a system, and is sufficiently strong
that it can be used for modulation of beams propagating perpendicular to the chip
surface, as required for two-dimensional arrays. A technological reason for the
attractiveness of these devices is that the layered semiconductor growth techniques
used to fabricate the thin semiconductor layers required for quantum wells and the
lithographic techniques used for quantum well devices are also well suited to
integration, both of many quantum well devices on one chip and of quantum well
devices with other electronic and optical components.

11
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The concept of combining photodetectors and quantum well modulators to give an
optically controlled device with optical outputs is the principle of the self-
electrooptic-effect device (SEED).3 Such devices only offer low energy performance
when they are integrated so that there are no parasitic capacitances associated with
the interconnections between the different parts of the device. Integration of simple
bistable devices was demonstrated first.4 Although these large (200x200 (btm) 2)
devices did not have particularly low switching energies ( - 1 - 2 nJ), they had the
property that they could be scaled to smaller size (60x60(Am) 2) with an approximately
proportional improvement in switching energy and in increase in the size of the arrays
(6x6).'

Systems experiments with simple bistable devices have problems because of the
critical biasing requirements of simple bistable devices. The next step was therefore
the symmetric SEED (S-SEED), which is a device that employs two quantum well
diodes in series and is bistabie in the ratio of two beam powers.6 This S-SEED is in
effect a three-terminal optical device, greatly simplifying system design. This device is
now being scaled to larger arrays of smaller devices, with 16x8 arrays of devices with
13.5x14 (Am) 2 mesas.7 These devices are now being used for more complex optical
circuit cxperiments. 8 There has also been recent work to extend the functionality of
S-SEEDs further by including yet more diodes in series to make a multistate SEED
(M-SEED).9 Such a device can have N or 2N stable states for N light beams on N
series diodes depending on the biasing conditions.

Other opportunities with the SEED concept include the integration of more
electronic components. Integration of bipolar transistors has been proposed,3' 1° and
integration with field-effect transistors (F-SEED) has been demonstrated11 .
Importantly, the F-SEED integration is compatible with standpid GaAs field effect
transistor processing, and so we may contemplate integration of arbitrary amounts of
electronics to expand the functionality of the optical module if we wish. It is also
becoming increasingly likely that the quantum well modulators can be integrated with
silicon circuits.12

In the future, we can expect continued miniaturization of SEEDs; indeed we
cannot expect the necessary performance out of these devices for real applications
unless and until they are fabricated with dimensions comparable to small electronic
devices. We can also expect increasing flexibility in the functionality of the devices so
that they are more suitable for particular systems applications. Finally, we can
anticipate that a natural consequence of these developments will be to offer us the
choice as to where we make the interface between optics and electronics so that we

. ka.V Llae . '.-s U fi U LJUZ " Jk AUa.

[1] D. A. B. Miller, Optics Lett. (to be published, Jan. 1989)

[2] D. A. B. Miller, D. S. Chemla, T. C. Damen, A. C. Gossard, W. Wiegmann, T.
H. Wood, and C. A. Burrus, Phys. Rev. B32, 1043 (1985); D. A. B. Miller, J. S.
Weiner, and D. S. Chemla, IEEE J. Quantum Electron. QE-22, 1816 (1986).

[3] D. A. B. Miller, D. S. Chemla, T. C. Damen, T. H. Wood, C. A. Burrus, A. C.
Gossard, and W. Wiegmann, IEEE J. Quantum Electron. QE-21, 1462 (1985);
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D. A. B. Miller, U. S. Patents 4,546,244 and 4,716,449.

[4] D. A. B. Miller, J. E. Henry, A. C. Gossard, and J. H. English, Appl. Phys.
Lett. 49, 821 (1986).

[5] G. Livescu, D. A. B. Miller, J. E. Henry, A. C. Gossard, and J. H. English,
Optics Lett. 13, 297 (1988).

[6] A. L Lentine, H. S. Hinton, D. A. B. Miller, J. E. Henry, J. E. Cunningham,
and L M. F. Chirovsky, Appl. Phys. Lett. 52, 1419 (1988).

[7] L M. F. Chirovsky, L A. D'Asaro, C. W. Tu, A. L Lentine, G. D. Boyd, and
D. A. B. Miller, submitted to Photonic Switching Conference.

[8] F. B. McCormick, A. L Lentine, L M. F. Chirovsky, and L A. D'Asaro,
submitted to Photonic Switching Conference.

[9] A. L Lentine, D. A. B. Miller, J. E. Henry, J. E. Cunningham, and L. M. F.
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M. A. Pate, and J. S. Roberts, Electron. Lett. 23, 93 (1987).

[11] D. A. B. Miller, M. D. Feuer, T. Y. Chang, S. C. Shunk, J. E. Henry, D. J.
Burrows, and D. S. Chemla, Paper TUE1, CLEO, naheim, April 1988.

[12] W. Dobbelaere, D. Huang, M. S. Unlu, and H. Morkoc, Appl. Phys. Lett. 53,
94 (1988); K N. Goossen, G. D. Boyd, J. E. Cunningham, W. Y. Jan, D. A. B.
Miller, D. S. Chemla, and R. M. Lum, submitted to Quantum Wells for Optics
and Optoelectronics Conference.
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Switching in an Optical Interconnect Environment
Joseph W. Goodman

Department of Electrical Engineering

Stanford University

Optical interconnects are gaining importance in a wide range of applications, ranging
from interconnection of supercomputers and workstations to interconnection of
multiple chips on a single board. With the development of any interconnect
technology, eventually the need for switching arises. Thus the switching of optical
interconnects is a topic of much current interest.

Some applications of switching in the interconnect environment include, for example:
1) connection of a multitude of workstations to several shared resources, such as
high-speed disk drives, laser printers, high-speed scanners, etc.; 2) connection of a
multitude of backplanes in a tightly coupled multiprocessing machine; and 3)
connection of a multitude of boards on an optical backplane in a single computer. The
data rates and switch reconfiguration times required in these applications can differ
significantly.

The lengths of the interconnects in these applications are typically quit( short, ranging
from perhaps hundreds of meters at one ex%-eme (machine to workstation
interconnection) to a few centimeters at the Dthw (chip to chip on a board). The

losses associated with the interconnect medium are therefore typically quite small
(only a few dB), and both modal an,! material dispersion effects are often negligible.
The consequences of these facts are several: 1) switching architectures with
significant loss may still be of interest; 2) the choice of an operating wavelength (0.8
gim, 1.3 im, t.c.) is dictated by reliability rather than material dispersion; and 3) the
use of multimode solutions is quite acceptable.

While switch loss appears not to be a critical parameter, nonetheless the issue does
warrant further thought. When one considers the mcst fundamental motivations for
the use of optics (as opposed to electronics) in interconnect problems, it appears that
low drive power per length-bandwidth product can be one important advantage. When
the internal loss of a switch is too great, optical interconnects ma; lose some of their

14
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attractiveness when compared with electronic solutions, due to the increased

electrical power required to drive the optical links.

With these facts in mind we examine several alternative approaches to optical switch
construction for these applications. Most direct is the use of an electronic switch
interfaced to optical receivers and transmitters. An intermediate electro-optic

approach is a switch based on an array of forward- and back-biased detectors,
interfaced to an array of optical transmitters [1,2]. All optical approaches include the

optical matrix-vector [3,4], switches based on beam deflection, either through the use
of stripe domain gratings in magnet.)-optic materials [51 or through acousto-optic
deflection [6], and switches based on wavelength selective switching (e.g. [7]).
Finally, LiNb switchable couplers, under intense development for long-distance
telecommunications, are a cardidate in this application as well (e.g. [8]). Each
approach has its own unique advantages and disadvantages.
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The Relationship Between Photonic Switching and Optical Computing

H. S. Hinton

AT&T Bell Laboratories

Naperville, Illinois 60566P

The purpose of this talk is to outline the relationship between the hardware requirements of

photonic switching and optical computing systems. The majority of the talk will address the

hardware requirements of digital optical switching and computing systems with the exception of

a brief discussion on analog switching and computing. It will include a review and comparison

of the devices, interconnects, ai., systems that have been proposed for both types of systems.
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Encoding and Decoding of Femtosecond Pulses

for Code-Division Multiple-Access

A.M. Weiner, J.A. Salehi, J.P. Heritage, and M. Stern

Bellcore
331 Newman Springs Road

Red Bank, NJ 07701-7020

The speed of current fiber-optic communications systems is
limited in part by the speed of electronic processors used for
signal processing. Optical signal processing potentially can be
much faster than electronic processing and could be utilized to
achieve higher data rate transmission and to provide added
flexibility for network design. One application of optical
processing, which is receiving increasing consideration, is
code-division multiple-access (CDMA), a communications environ-
ment in which multiplexing is achieved by assigning different,
minimally interfering code sequences to different subscriber
pairs [1,2). This approach to multiplexing can provide many
users with an asynchronous, random access, communication link.

In this paper we discuss the possibility of an ultrahigh
speed optical CDMA system based upon encoding and decoding of
coherent ultrashort light pulses. We first describe experiments
demonstrating the ability to encode femtosecond pulses into
picosecond-duration pseudonoise bursts and to decode such
pseudonoise bursts back into fsec pulses (3]. We then propose a
novel multiplexing scheme utilizing these manipulations and
comment on the advantages of and the issues facing this ap-
proach. Finally, we present results of recent bit error rate
calculations for the proposed ultrashort pulse CDMA system [4].

We accomplish encoding and decoding by utilizing a powerful
new technique for synthesizing arbitrarily shaped ultrashort
pulses [3]. As described previously [3], pulses are encoded by
spatial masking within an apparatus consisting of a pair of
diffraction gratings placed at the focal planes of a unit magni-
fication, confocal lens pair (5]. A spatially patterned phase
mask, placed midway between the lenses, adjusts the phases of
the optical frequency components which are spatially dispersed
at that point. By utilizing a pseudorandom phase mask to scram-
ble (encode) the spectral phases, incident fsec pulses are
spread into low intensity, picosecond-duration, pseudonoise
bursts. Decoding is achieved by using a second, phase conjugate
mask to unscramble (decode) the spectral phases, thus restoring
+.$.%^ orgl na Tc ..... . -Autocorrelation measurements of un-
coded, coded, and decoded pulses are shown in Fig. 1 [3]. The
dramatic contrast in the peak intensities could be used in a
CDMA system to discriminate between correctly and incorrectly
addressed information.

The proposed ultrashort pulse CDMA system is shown in Fig.
2 (3]. N subscriber stations are connected via a passive N X N
coupler. Each transmitter spreads coherent ultrashort pulses
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into low intensity pseudonoise bursts; each receiver attempts to
decode the incoming pseudonoise bursts back into intense ultra-
short pulses. Incoming signals which are successfully decoded
are detected by the optical thresholder; signals which are not
successfully decoded are rejected.

A key motivation for this app:oach is that individual sub-
scribers would operate at data rates compatible with electronic
modulation and processing. Encoding and decoding would serve to
provide asynchronous multiplexing and immunity to collisions.
Furthermore, by using a fast multielement phase modulator within
the encoder, the system could achieve rapid reconfigurability.
Of course, several issues must be faced before an ultrashort
pulse CDMA system can be practically realized. We will comment
on the need for a compact subpicosecond source and a low power
optical thresholder, discuss the effect of fiber dispersion, and
describe a set of codes which will provide a large number of
addresses while minimizing interference.

We have analyzed the bit error rate (BER) of the proposed
CDMA system as a function of number of users, code lengths,
individual bit rates, and threshold [4]. Power budget consider-
ations were not included, and the phase codes were taken as
sequences of binary (0 or r) random variables. Figure 3 shows
the BER plotted vs. threshold, assuming a code of length 128, an
individual bit rate of 100 Mbit/sec, and a 0.8 psec input pulse
(or 1 Gbit/sec for 80 fsec input pulses). For an "ideal"
thresholder, active only at the instant when the properly de-
coded pulse is expected, the system can handle 20 users at a BER
of 10-9 or 100 users at a BER of 3 X 10- 7 . For a "practical"
thresholder, active during the entire data frame but easier to
implement, the BER increases by a factor of 10. The BER de-
creases drastically with increasing code length.

In summary, we have demonstrated encoding and decoding of
fsec pulses and have proposed it as a basis for ultrashort pulse
CDMA. We expect that fsec pulse shaping techniques, which uti-
lize parallel modulation in the frequency domain to provide ef-
fective serial modulation rates as high as 10 THz, will stimu-
late a new class of ultrashort pulse optical communications
systems.
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Fig. 1 Intensity autocorrelation measurements of uncoded,
coded and decoded pulses. (A) Uncoded and coded pulses. (B)
Successfully and unsuccessfully decoded pulses.
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Fig. 2 Proposed ultrashort pulse, CDMA communications network.
Data is received only when the incoming encoded signal (the
"key") is matched to the decoder (the "lock").

Fig. 3 Bit error rate as a function
of threshold, for a code of length
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Velocity-Matched Ti:LiNbO3 Switch
for 16 Gb/s Optical Time-Division Multiplexing

J.J. Veselka and S.K. Korotky

AT&T Bell Laboratories
Crawfords Corner Road

Holmdel, NJ 07733
(201) 949-5213

Optical time-division multiplexing (OTDM) offers the ability to increase the
transmission capacity of fiber communication systems by circumventing the speed/power
limitations of broadband electronic multiplexer, driver, and decision circuits and of
optoelectronic transducers [1]. It accomplishes this while still requiring only a single laser per
transmitter, and thus permitting operation at the fiber zero-dispersion wavelength. A key
element of OTDM systems is the optical switch used in the den-ultiplexer. At present, data
transmission speeds of 16 Gb/s have been achieved using fast Ti:LiNbO3 waveguide
electrooptic switches [2]. However, at that rate a system power penalty of -2.9 dB was caused
by crosstalk in the demultiplexer. This penalty was largely attributable to insufficient drive
voltage to the switch performing the first stage of demultiplexing, which was operated at
8 GHz and driven with 1 W (50 fl). Here we reoort a Ti:LiNbO3 2x2 switch operating at the
1.3 pm optical wavelength that incorporates electrical/optical velocity matching to achieve a
low required drive power of 234 mW at 8 GHz. We demonstrate a measurement-limited
crosstalk performance of- 16 dB for both switch states for those same conditions.

The 2x 2 switch utilizes a waveguide Mach-Zehnder (MZ) interferometer structure
[3], as shown in Fig. 1, and %as fabricated on z-cut LiNbO 3 by titanium diffusion. It consists
of a pair of directional couplers that form the input splitter and output combiner of the
interferometer. Electrodes on the 4 mm long couplers are used to adjust the coupler crossover
efficiencies to 50%. The arms of the interferometer between the couplers are 29.4 mm in
length and are separated by 20 pm at the inner edges of the waveguides. Three electrodes are
placed over the interferometer to introduce a relative phase shift between light in the two
branches. Of these, two provide a total length of 6 mm to DC-bias the interferometer to the
desired operating point. The third is a coplanar-waveguide (CPW) traveling-wave electrode
and is used to implement the high-speed switching. Since the switch is intended to serve as a
l-to-2 demultiplexer for a 16 Gb/s OTDM pulse stream, we have designed the CPW electrode
structure to achieve a low required drive voltage at 0 GHz. This was accomplished by
choosing the width and gap dimensions of the CPW electrode to achieve high electrooptic
overlap efficiency [4] and low RF attenuation. In addition, we implemented the effective
velocity matching of the electrical and optical waves via the periodic lateral shifting of the
CPW electrode relative to the interferometer waveguides [5].

The CPW electrode consists of a 18 pm wide center conductor separated by 12 pm
on each side trom two 100 pm wide ground planes. It was gold-plated to a thickness of,-4 pm
and had a center conductor end-to-end resistance of 7.1 0. An -2200 A thick SiO 2 buffer
layer separates the electrodes from the surface of the LiNbO3 substrate. We have calculated
[7] and measured the microwave characteristics of this CPW structure with consistent results.
The values for the impedance, Z, and microwave index, N., are Z = 34 0 and N, = 3.8.
The RF attenuation coefficient was measured and is described by a = 0.8 dB
+ 0.8 dB/cm x VI (GHz). To implement velocity matching, and thereby utilize an

electrooptic interaction length many times the walkoff length of LiNbO3 waveguide devices,
the CPW was divided into six reversal-sections. The length of each section of the CPW
electrode is given by L = c/2(N,,-±N,,)fd where fd is the design frequency, c is the speed of
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light in a vacuum, N,, is the effective microwave refractive index along the electrode, N0 is
the effective refractive index of the optical mode (N0 = 2.1) , and the + or - sign is used if
the optical field and applied electric field are counter-propagating or co-propagating [4]. To
make use of the shortest section length, we have chosen to counter-propagate the RF and
optical waves, which for 8 GHz results in a section length of 3.1 mm.

Single-mode fibers were attached to the four input/output waveguides of the
Ti :LiNbO 3 switch with standard techniques. TM-pass waveguide polarizers ,-2 mm long were

fabricated at one end of the device using proton-exchange to assist in minimizing optical
crosstalk [6]. By fabricating the polarizers to have an optical mode size between those of the
fiber and the titanium-diffused waveguide we achieved polarizers with a measured insertion
loss of 0.0 ± 0.2 dB.

To measure the small-signal electrooptic frequency response, we biased the device
at its linear operating point. We drove the CPW electrode with the signal from a network
analyzer and observed the modulated light with a high-speed detector whose output was

amplified and fed back to the network analyzer. As shown in Fig. 2, there is very good
agreement between the measured and calculated frequency response, which includes the
effects of the electrical attenuation.

Under DC operation we could achieve crosstalk levels of -23 dB in both switch

states of the device using the MZ bias electrodes. To determine the crosstalk levels at 8 GHz
we used an optical samplhig technique [7]. A stream of optical pulses (-10 ps FWHM) from a
mode-locked grating-extended-cavity laser operating at a 2.020 GHz repetition rate was input
to the device. The amplitude and DC-bias of the drive signal was adjusted to toggle the

switch between its crossover and straight-through states. This was observed by offsetting the
switch drive frequency by 100 Hz relative to the fourth harmonic of the laser pulse rate,
detecting the output with a slow detector, and displaying the signal on an oscilloscope. The

trace for 8.080 GHz operation is shown in Fig. 3 and illustrates the expected nonlinear
behavior of the switch. To make quantitative measurements, the frequency offset was
eliminated and a phase shifter was used to adjust the arrival time of the input optical pulses to
coincide, in turn,to either the crossover or straight-through states. For each of the states, the

average optical powers from the two output waveguides were measured and the crosstalk of

the switch was calculated. Crosstalk values of -16 dB were obtained for both switch states
with a low cw RF drive power of only 234 mW (50 0). We note that these crosstalk values
were limited by the laser optical pulse width used for the sampling.

In summary, we have demonstrated an optical switch requiring low drive power at
8 GHz. The first crosstalk measurements at this high a frequency were reported with results
of -16 dB for both states of the switch. We thank R. Bosworth and J. Lutz for the mask

programming, G. Eisenstein for the optical amplifier, and F. Heismann for his assistance.
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Fig. 1: Schematic of velocity-matched Ti:LiNbO3 Mach-Zehnder switch
showing waveguides, electrodes, and polarizers.
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Fig. 2: Measured and calculated frequency response 50 ps
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for 8 GHz.

Fig. 3: Measured switching waveform for 8 GHz
drive frequency.
a) output of crossover waveguide
b) output of straight 'through waveguide
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Improved Operation of a Two-Core Fiber All-Optical Switch

Using Fentosecond Square Optical Pulses

Y. Silberberg, A. M. Weiner, H. Fouckhardt, D. E. Leaird,
M. A. Saifi, M. J. Andrejco and P. W. Smith

Bellcore
331 Newman Springs Road, Red Bank, NJ 07701-7020

Light controlled switches that operate through nonlinear optical interactions
have the potential of providing ultrafast switching speeds, much higher than
those possible with electronic or electrooptic devices. Such high switching
rates are likely to be necessary in future high-speed communications and
computing systems.

One switching element that is considered for all-optical switching is the
nonlinear directional coupler (1). In the usual configuration a coupler of one
coupling-length is used. Low-power signals which are introduced into one guide
emerge from the second guide. High-power signals induce a refractive index
change which frustrates the coupling, causing them to stay in the input guide.
The directional coupler switch is a traveling-wave device, which can route
incoming signals according to their intensity. The solid line in Fig. 1 shows
the expected power output from each of the two waveguides as a function of
input power for a cw input signal. Complete switching is possible.

The temporal response of the directional coupler switch depends on the nature
of the nonlinear process. The electronic nonlinearity of some transparent
materials can be extremely fast. We have recently demonstrated a two-core
fiber directional coupler switch that operated with 100 fsec pulses (2). One
of the problems that are associated with short pulse operation is that such
pulses usually come with a bell-shaped temporal profile; the device may switch
the peak of the pulse to the input guide, while leaving the weak wings in the
other guide. This break-up of the pulse tends to increase the crosstalk and to
make the switch response more gradual; the broken line in Fig. 1 shows the
energy fraction that emerges from each core for a sech shaped pulse. The
reduced contrast is obvious.

Proposals have been made to solve the pulse break-up problem by using solitons
(3). A simpler cure to this problem is to use square optical pulses, in which
the intensity across the pulse is constant, except for finite rise and fall
times. The response to square pulses should approach the ideal cw response of
the device. In this talk we will present the first experimental results using
square optical pulses to improve nonlinear optical switching.

We have previously described a technique for nearly arbitrary reshaping of
ultrashort pulses (4,5), and we use this technique to generate femtosecond
square pulses. Briefly, 75 fsec, 620 nm pulses from a CPM dye laser and copper
vapor laser pumped amplifier are shaped by a lens and grating apparatus. In
this setup, spacially patterned amplitude and phase masks are imposed on the
spatially dispersed frequency components of the pulse. The shape of the output
pulse is the Fourier transform of the pattert.ed spectrum. Using this technique
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we have generated a 540 fsec long square pulse with a rise and fall time of
approximately 100 fsec. A cross-correlation of this pulse with a 90 fsec

standard pulse is shown in Fig. 2.

These pulses were used to switch a 5 mm long dual-core fiber coupler device.
This device has two pure silica cores, about 4.5 pm in diameter with center to
center separation of 7.7 pm, a fluorine doped silica clading and core-clad
index difference of 0.003. This coupler showed no long term degradation which
had been observed in the germanium doped fibers used previously (2). Fig. 3
shows the measured switching characteristics as a function of the peak input
power for the square pulses as well as for standard (bell-shaped) 90 fsec
pulses. Comparing these curves with the theoretical prediction of Fig. 1, we
can clearly recognize the sharper transition, the lower switching power and
the more complete switching associated with the square pulses. Note, however,
that due to the finite rise and fall times the square pulses are not switched
completely, and that the observed response tends to average over the
oscillations predicted for cw signal. Switching occurred at peak level of
about 90 KW.

Of practical impo. tance is the question of crosstalk between channels in a
self-switching environment. Consider a pulse stream which contains pulses of
two kinds, having different peak intensities. The pulses are to be routed in
the switch according to their intensity. Ideal square pulses can in principle
be routed with only minimal crosstalk, if their amplitude are carefully
chosen. It is clear, however, that in general there will be significant
crosstalk. The most severe interference will be caused by the unswitched
component of the high-intensity pulses. For example, to ensure better than 2:1
discrimination in the output pulse train, the intensity ratio at the input for
two sech pulses should exceed 2.3:1, whereas for square pulses with a rise
time which is .2 of the pulse duration (similar to the pulses in our
experiments) this ratio is only 1.37:1. To obtain a much ;etter
discrimination a fast rising square pulse is required. These considerations
will be discussed in detail.

In conclusion, we have demonstrated ultrafast all-optical switching with
femtosecond square pulses to overcome the pulse break-up problem. We have
obtained steep switching curves and enhanced power transfer compared with
those obtainable with standard pulses. Shaping of ultrafast optical pulses
could prove to be an important tool to overcome some of the problems of
all-optical photonic switching.
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Novel, All-Optical, Kerr Amplification with Wavelength Switching, in a

Single Mode Birefringent Fibre

A.S. Davison, I.H. White, Cambridge University Engineering Dept.,
Trumpington St., Cambridge, CB2 IPZ, United Kingdom

'Ihis paper reports for the first time, a novel, all-optical amplifier

using a single mode optical fibre. The amplifier uses the Kerr effect to
amplify an input optical signal, forming the output at the wavelength of the
optical pump. The amplifier gain is proportional to the optical pump power,
and can be varied at high speeds due to the ultra-fast response time of the
optical Kerr effect. These characteristics are suitable for a broadband, low
noise and very fast optical amplifier, appropriate to time division
multiplexed signals and wavelength d:vision switching. Although the
threshold of other non-linear effects apart from the Kerr effect limits the
amplification of a single stage device, a novel form of cascading these
amplifiers is shown to greatly increase the potential maximum gain.

The apparatus used is shown schematically in Figure 1. The principle of
the structure is similar to the uiltrafast switching demonstrated by Morioka

Ill. A strong optical pump is injected into the birefringent fibre with its

polarisation at an angle of 450 to the fibre axes. A small optical signal,
coupled onto one of the fibre axes, is able using the Kerr effect, to induce
phase shifting and consequently polarisation rotation of the pump. A

polariser converts this polarisation rotation to an amplitude modulation. At
sufficiently high pump powers, the modulation depth becomes greater than the
original signal power. Thus signal information is amplified and switched to
a new carrier wavelength.

When the polarisation of the pump light from the output of the fibre is
conditioned by direct phase control or a quarter-wavep.ate, it can be shown
that the pump power transmitted through the polariser is given by

Pt= P/2 + { 27 n 2 P L / 3 A A } P_ = P /2 +P
VFp m(1

where n2 is the Kerr coefficient, Pp, Ps and Pm are the pump, signal and

modulated output powers, A is the pump ,:avelength, A is the effective area
of the fibre core and L is the lergth of the fibre. By using a sufficiently
high pump power, { .... } is made greater than unity. Thus with the amplitude
of the modulation Pm exceeding the input signal power, amplification is

achieved, proportional to the power of the pump.

In the e.xperiment to demonstrate the principle, the signal was
generated by a diode laser of wavelength 1.3 pm. This signal modulated pump
light from a NdYAG mode-locked laser of wavelength 1.064 pm, which coupled
pulses with a peak-power of 8W into the birefringent fibre. The fibre used

was only 38m long, highly birefringent, and had a small 4.5pm 2 elliptical
core area with a high Germania content.

Figure 2 shows a typical trace of the modulation obtained using a slow
rise time detector to smooth out the individual mode-locked pump pulses. A
6mW signal induced 0.15% modulation of the total pump power of 8W. Hence the
modulation was 12mW, and the gain was 2. Walk-off between the components of
the pump pulses on the birefringent axes, reduced the extinction ratio of
the pump at the output to 2:1 and hence reduced the gain. Simple cut and
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splice adaptions to the fibre, to improve the extinction ratio, would have
raised the gain to 6.

In a single stage amplifier the pump power, and hence the gain, will
ultimately be limited by other non-linear optical effects apart from the
Kerr Effect, which introduce noise above a threshold pump power, due to
random photon removal from the pump. In this case, the pump was limited to
8W by the cut-in of four photon mixing.

In general the gain limit may be improved, by dividing the length limit
into a number of sections and cascading. Each axis of a birefringent fibre
acts like a polarising filter, so splicing a second amplifier section to the

first with the axes rotated by 45° , the polarisation rotation induced
modulation appears on the birefringent components of the second fibre. After
the first section, further modulation i s self induced at the pump
wavelength, rather than cross induced by the original signal.

If for a given pump power the maximum length due to non-linearities is
Lmax, then for an internally cascaded amplifier divided into n equal

sections, the overall gain will be

G = (KL /n )n (2)max

where K = 2w n2 Pp / 3 A A . Figure 3 shows the rapid increase in gain that
is possible as K L increases. Such high gains will be stable because

amplification only occurs in the forward direction.

Conc lusion:
In conclusion therefore, a new form of optical amplification with

w .1leigth switching has been demonstrated. The optical fibre device uses
the Kerr effect to generate an amplified form of an optical input, the
output being super-imposed on the optical pump signal. The gain of a single
qtage amplifier is limited by the cut in of other non-linear effects, but
div-3ding into lengths and cascading the amplifier within that limit allows
the possibility of much higher gain. The transmission characteristics of the
&mplifier are determined by the optical pump and can potentially be varied
at ultra-fast rates.
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A Novel Optically Bistable Optoelectronic Device for

Infrared Signal Processing

H.A. MacKenzie, A. Iltaif, J. Hughes, J.J. Hunter and D. Ronaldson

Depa-tment of Physics, Heriot-Watt University, Riccarton, Edinbirgh EH14 4AS,

Scotland, U.K.

Since the first observation of optical bistability in an InSb etalon (1)

the device has been under continuous investigation and development. The

long-term stability and reproducibility of the InSb system makes it ideal for

the systematic study and optimization of bistable operating parameter both in

single channel and array configurations (2). The refractive nonlinearity is

electronic in origin so that the optical state of the bistable device may be

controlled either by the photogeneration of carriers or, as we will describe,

by the the direct injection of carriers from an electrode system. In the

present work, we report, for the first time, the practical development of

this concent to achipve an ontiyallv histahl ontoeetornir (OBOE) Aiea

which can make complete and interactive communication between an all-optical

element and conventional electronic circuitry and computing systems.

The well established all-optical switching characteristics of the InSb

system have been retained throughout this work and, by fully optimizing the

operating parameters (3), a new generation of low energy bistable switches

have evolved. The etalon consists of a 50 pm thick wafer of n-type InSb with

multilayer coatings to give a reflectivity of 85% at each face. The system

was driven by a CO laser operating at an output frequency of 1927 cm-1 and,

when the laser beam was focussed to a spot size of 40 pm diameter, bistable

switching was achieved at an input power of 500 pW. The switch ON time was

100 nS and the switch OFF time was 200 nS. These switch times are a major

improvement on previous results and are attributed to the dominance of
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surface recombination processes in the phcto-generated carrier dynamics due

to the comparatively thin etalon. The consequent switching energy (50 pJ)

per channel makes the array operation of such devices a feasible proposition.

In addition, the inherent stability of the LnSb system permits stable

operation within 1% (5 pW) of the switch point and, since the electronic

refractive nonlinearity 4s o.chieved in a region of very low optical

absorption (a '\, 0.1 cm-1 ) minimal thermal dissipation results.

The bistable state of the device may be monitored electrically (4) and,

typically, there is a 25 pV increment in the Hall-voltage when the system

transfers between the ON and OFF states. In the present work, in addition to

such a monitoring system, we have incorporated carrier injection contacts at

the ends of the bistable etalon. When the system is optically biased close

to the switch point with a CO laser beam, an electrical pulse to the

injection electrodes creates sufficient carrier pcpulation in the optical

bZeUi Legion to achieve c.w. bistable switching, wiLI iii(Le, ........ iiI 'le

ON state. The optoelectronic characterisation and optimization of the

electrode assembly is presently under development.

A prolonged electrical pulse may also be used to switch the device OFF

via the onset of the thermal nonlinearity (5) after which the device returns

to the holding point.

Thus by electrical monitoring, injection switching and electro-thermal

switch-OFF, the OBOE devi.ce is in complete interactive communication with

external systems whilst retaining an all-optical signal processing

capability. Thus, the optical state of the device may be both interrogated

or commanded by conventional electronics and computing making it a useful new

component in optical computing architecture. This OBOE device will be

developed in an array format to create an intelligent detector interface for
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pattern recognition, optical signal processing and encoding. Other

applications including spatial light modulation and adaptive optics are being

investigated.
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Seven years ago an optically bistable device based on the self-focusing properties of light in
a nonlinear medium was proposed and demonstrated1 . It was shown that by reflecting a
self-focused beam back on itself, the device would exhibit hysteresis; a simple theoretical
model was later developed in order to explain the performance characteristics of the
device 2. Unfortunately, reflecting a fraction of what would otherwise be an output signal
back on itself significantly reduces the efficiency of this particular arrangement. In this
letter a new design is proposed in which the feedback and output signals are combined,

In the demonstration of the original device1, sodium vapour was used as the nonlinear
optical medium. Later, using a slightly modified design, it was show that a liquid
suspension of dielectric particles could be used as the nonlinear medium3.The input lens
focuses the incident light on to the face of the cell containing the nonlinear medium. At
input powers below some critical threshold power, Pcr, required for self-focusing to occur,
the beam diverges. Only a small fraction of the incident beam is imaged by the output lens
to pass through the detector aperture. At input powers above Pcr, self-focusing will occur
and the beam will then follow the path indicated by the solid line. The output lens now
focuses a large fraction of the incident beam onto the detector. The exit face of the cell
containing the nonlinear medium was a 95% reflecting mirror, from which it follows that
for the self-focused case, 95% of the incident illumination is reflected back on itself thus
reinforcing the self-focusing effect due to the nonlinearity. This feedback mechanism
indicates that it is possible to maintain the self-focused and high output state for incident
power levels that drop below Pr. It is 'this mechanism that leads to bistability.

One of the advantages of a device based on self-focusing, is that its operation is not
dependant on on the presence of a resonant optical cavity. This removes restrictions on the
frequency and bandwidth of the light used, offering the possibility for broad band
operation. As was pointed out previously, one of the disadvantages of this design is that
the percentage of the input power that can be transmitted in the high output state is limit.*d
by the highly reflecting mirror at the exit of the cell. With a 95% reflecting mirror, the
transmitted percentage can be at best 5% of the incident power. However, a simple
modification to the design can lead to an increase in this percentage.
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Consider an input beam is focused by a lens on to a concave mirror to a point inside the
cell. For input powers above some Pcr, self-focusing wiil occur and the beam can be
confined to a narrow filament that is subsequently reflected back on itself from a small
diameter mirror at the entrance surface of the cell. The self-focused beam can then pass
through an aperture in the concave exit mirror to an output detector. For input powers
below Pcr, the incident beam will pass through the focal point within the cell and diverge
significantly, before impinging on the small diameter mirror. Consequently, little light will
be reflected by this mirror and subsequently pass through the aperture in the exit mirror.
The reverse path taken by the self-focused beam, between the focal point and the small
mirror, provides the feedback and thus reinforcement of the nonlinear process that results
in the hysteresis.

With the design proposed here, 100% of the incident light reflected by the small mirror is
used in the feedback process and contributes to the output signal. This is to be compared
with the 95% to 5% split in energy arising with the original design.

Self-focusing or self-trapping has been reported using liquid suspensions of dielectric

particles, the beam diameter being of the order of 2.m 4. We describe results based upon a
cell of the kind described above, and in which artificial Kerr media are used as the
nonlinear medium. We present an evaluation of the performance characterisitics of the
device as a function of the properties of the particle suspensions used as the Kerr media.
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INTRODUCTION

A device consisting of two intersecting Fabry-Perot etalons filled with a nonli-
near medium has the potential of a useful optical switch. In this device the light in
one cavity (referred to as the control) tunes the other cavity and controls the emerg-
ing beam (referred to as the bias). Such a device has several advantages over the
more conventional single nonlinear Fabry-Perot. It can be used in a three-dimen-
sional geometry separating the output from the input and thereby acts as a true three
port device. A theoretical model of the steady state performance' shows that the
power output vs. power input characteristic curve has both a sharper turn on and
flatter wings allowing for less sensitivity to the input power. These are desirable
characteristics for an optical switch. However, any realistic architecture using such
a device would require pulsed inputs to impress information on the signal as well as
for energy considerations. We have developed a time-dependent model of the crossed
resonator and present sample curves showing the gain achievable for both pulsed and
sinsusoidal inputs.

THEORY

The starting point for the theoretical model is the steady-state model developed
earlier.1 The medium is assumed to have a Kerr-like nonlinearity such that its index
of refraction varies like n - n. + n21 where no is the background index, n2 the nonli-
nearity and I is the intensity. An intensity independent absorption is also assumed.
In the new model presented here, the full time dependence of the input fields and
phases are allowed. The dependence of the phase on the medium response time is
described by the Debye equation:

aA¢51,2
d ----- + A1 .2 - C11,21II + C12,2212

where the subscripts 1,2 refer to the bias and control beams, T d is the medium res-
ponse time, A0 is the nonlinear phase change, I is the transmitted intensity and the
c's are functions of the material parameters such as a, n2, the mirror reflectivities,
and the operating wavelength. Instead of using the method of integrating the Debye
equation and summing up all the reflected waves within the cavity,2 we derive and
solve difference equations describing the intracavity fields and use the Fabry-Perot
boundary conditions to obtain the transmitted and reflected intensities. This method is
less computationally intensive and in the limits assumed, both methods are equivalent.
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EXAMPLES

We solve the equations for a number of interesting cases and show here two
representative examples for integrated optic geometries. The first example is for both
bias and control beams that are gaussian functions of time. This configuration allows
net gain in that the difference in the output energy between cases with and without
a control beam is much larger than the energy of the control beam. Fig. I illustrates
such a case using parameters appropriate for the nonlinear organic polymer polydia-
cetylene. The transmitted intensity is shown for the case of no control beam as well
as with a control beam. The gain for this example is around 7. It is useful to note
that the transmitted beam does not break up as has been shown to occur in coupled
mode geometries3 and thus can be used as the input to another device. We examine
the influence of the device parameters such as pulse duration, medium response time
and pulse timing on the output intensity. Fig. 2 illustrates examples of a constant
bias pulse with a sinusoidally modulated control pulse. For this configuration the
gain is defined as the ratio of the output modulation to the input modulation. As
expected, for the two input modulation frequencies in the example (8 and 16 GHz)
the gain is reduced at the higher frequency. Through analysis of this configuration
we determine useful gain-bandwidth figures of merit for the device as a function of
model parameters.

CONCLUSIONS

WVe have developed t time dependent model for the crossed resonator device.
As an optical switch, this device has several advantages over a single Fabry-Perot.
We model the performance of the device for different forms of input pulses and
examine the device figures of merit such as gain and gain-bandwidth products as a
function of device parameters.
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Fig. 1. Output intensity (solid curves) with and without control pulses for bias
pulse of 50 MW/cm2 and 8 ps (dot-dashed curve) and a control pulse (dashed curve)
of 10 MW/cm2 and 2 ps. The nonlinear index is 5.9 x 10" cm2/MW, the medium
response time is 0.25 ps. and the cavities are 10 Am long. The gain is 7.3.
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Fig. 2. Transmitted outputs for two sinusoidal control inputs at different fre-
quencies. The cavity parameters are the same as in !:g. 1. The bias pulse is con-
stant at 50 MW/cm 2. The control pulses have a DC value of 1.64 MW/cm2 and
peak-to-peak modulation of 0.02 MW/cm 2. The solid line represents the output for
an input frequency of 8 GHz and the dashed line for a frequency of 16 GHz.

39



ThB4-1

A pnpn Light-Emitting Optical Switch

J. I. Pankove, R. Hayes, A. Majerfeld,
M. Hanna, E. G. Oh, D. M. Szmyd, D. Suda
Center for Optoelectronic Computing Systems,

University of Colorado at Boulder
Boulder, Colorado 80309-0425

S. Asher, R. Matson
Solar Energy Research Institute

Golden, Colorado 80401

D. J. Arent, G. Borghs
IMEC

Leuven, Belgium

M. G. Harvey
David Sarnoff Research Center
Princeton, New Jersey 08540

1. INTRODUCTION
The pnpn optical switch was devised in response to the needs of optical computing. The

device should emit light in response to incident light, emitting more light than incoming light, and it
should be capable of synchronization. The present device is a photothyristor, wherein the detector
and emitter functions are integrated into a single body. The device can be made into a laser to
insure the desired optical gain. It turns out that, although the device can respond to the same
wavelength as it emits, it can also respond to other wavelengths, which may be useful in
architectures involving parallel processing at different wavelengths with intersecting networks.

2. DEVICE STRUCTURE AND OPERATION
In our pnpn light-emitting optical switch, the inner two layers are made of a direct-gap

semiconductor, while the outer two layers are made of a wider-energy-gap material.
In operation (Fig. 1), the central pn homojunction is reverse-biased, while the outer two

heterojunctions are forward-biased. Most of the applied voltage appears across the central pn
junction. As the applied voltage is increased, breakdown eventually results from either
avalanching (when a critical field is exceeded at the reverse-biased junction), or from punch-
through (when a depletion layer extends to the nearest forward-biased heterojunction).

Reverse Biased

n p n HmoJunction

Fig. 1. Energy-band diagram of biasedoptical swvitch showing carrier

generation in the reverse-biased pn
junction.

t 4Forward Skieed

Heterojunctione

After breakdown, double injection occurs, flooding the central, narrower gap region with
electrons and holes that are stopped by the potential barriers at the heterojunction, as shown in Fig.
2. This is the same carrier-confinement condition obtained in double-heterojunction injection
lasers. And, in fact, with a proper Fabry-Perot cavity, the device should lase. If the applied bias
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does not exceed the breakdown voltage, breakdown can be induced by irradiating the device with
photons that can be absorbed in the narrower gap region. The presence of a high electric field in
the junction lowers the photon energy to which the device is sensitive (Franz-Keldysh effect) (1).
Essentially, the absorbed photons produce electron-hole pairs that are separated by the electric
field. These charges accumulate on either side of the pn junction, lowering the potential barrier to
the injection of carriers from the outer layers. Then double-injection occurs. The sensitivity of the
device to the exciting light can be adjusted by the voltage applied across the device.

Fig. 2. Energy-band diagram of
device of Fig. 1 after breakdown. t--- . t
Cross-hatched regions represent
electrons.

A search of prior art revealed that, in 1972, a pnpn laser structure was first demonstrated
by Alferov et al. (2). Improved structures were made in 1974 by Lockwood et al. (3) as well as by
Alferov et al. (4) It consisted of two GaAs inner layers and GaA1As outer layers deposited by
liquid-phase epitaxy on GaAs. The device operated as a laser, emitting pulses with rise- and fall-
times of less than 30 nsec. When the device was switched optically by another light source, an
optical gain of 104 was obtained. Copeland et al. (5) built another variation of this structure, with
an etched well to receive the triggering light pulse from an optical fiber, a second optical fiber could
carry out the emitted lijt. This device worked as an optical repeater, but it was not structured as a
laser. Lee et al. (6) built still another variation of the pnpn optical switch, where two narrow-gap
layers were spaced by a wider-gap central section, thus forming two thinner carrier-confinement
regions to reduce the threshold current and increase the breakdown voltage; however, this device
was not operated with optical input.

Although the fandamental principle of the pnpn optical switch has been demonstrated, this
device has not been developed into a commercial product. Perhaps this development is waiting for
the optoelectronic computer as its customer.

3. DEVICE FABRICATION
We have grown pnpn structures both by metalorganic chemical vapor deposition (MOCVD)

and by molecular beam epitaxy (MBE) in the GaAs/GaAlAs lattice-matched system. A thin
capping layer of heavily doped GaAs is used as a final layer of the structure. Finally, both
surfaces are metallized. Then the wafer is cleaved into parallelepipeds that are mounted on a
copper heat sink. Other materials for other spectral ranges are possible. With a well etched into
the GaAs substrate, the device works as a surface-emitter. If the opposite edges of the structure
are cleaved to form a Fabry-Perot cavity, the device can operate as a laser.

The device can be addressed by one or more input optical fibers, as shown in Fig. 3. The
output is channeled into one or two output optical fibers which can be organized according to the
signal-processing requirements.

Fig. 3. Optical fiber coupling p flpfl Opt. SW.

to pnpn device.
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4. DEVICE PERFORMANCE
The I(V) characteristics of a typical device are shown in Fig. 4. A current-controlled

negative resistance is obtained when the breakdown voltage is exceeded. In the presence of
external illumination, the breakdown voltage is reduced. In the broken-down mode, injection
luminescence is obtained that can be monitored with an image converter or measured with a
spectrometer, as shown in Fig. 5.

300 K 1=27 mA
300-K f=1 kHz

1.42 eV 20% Duty

47 meV

Fig. 4. I(V) dark characteristic of typical device.

Fig. 5. Light-emission spectrum from 9000 8000

pnpn optical switch.

The optical switching effect that we obtained is demonstrated in Fig. 6. The pnpn device is
mounted in tandem with a laser diode operated in the LED mode. A biasing pulse 400 nsec long is
applied to the pnpn device. Another pulse 80 nsec long is applied to the LED. At low voltage
across the LED, the pnpn device sustains the sub-breakdown voltage (Fig. 6a). When the LED
intensity is increased, the pnpn device switches into the conducting mode and the voltage drops to
the 1.4-volt sustaining value (Fig. 6b). The LED pulse can be translated in time with respect to the
pnpn device biasing pulse. This causes the breakdown and consequent light-emission to follow
the position of the LFr', .dse. The rise and fall times of light emission are less than 10 nsec,
instrument-limited.

Fig. 6. Time-dependence of voltage applied across pnpn device (upper curve) and of
voltage applied across triggering pn diode: a) low drive across diode does not
disturb pnpn device; b) high drive across diode causes switching of pnpn device.

Scale 100 ns/div. and 2V/div.
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5. FUTURE PROSPECTS
The pnpn optical switch is essentially a threshold device. For a given electrical bias, the

breakdown depends on the light input's exceeding a threshold value. This threshold can be
achieved by the summation of several simultaneous optical inputs that may occur at different
wavelengths. In this sense, the device already has the logical functions: AND, OR. To make the
device more useable, one will need to address the problem of "pig-tailing" in order to attach optical
fibers for input/output interconnections. Since the dimensions of the device are comparable to the
cross-section of the optical fiber, mounting the device will be a non-trivial problem. Heat
dissipation and thermal stability will be another area of concern. Eventually, switching speed will
become a limitation. There, one has the option of compromising between carrier lifetime and
incorporating luminescence efficiency. For faster operation, the lifetime can always be degraded
by incorporating deep impurities or lattice damage. Finally, it is possible to make linear arrays of
such devices for optical crossbar applications, and in the surface-emitting configuration, an x-y-
addressed, 2-D array should be feasible.

6. CONCLUSION
A semiconductor optical switch is under exploration to satisfy the needs of optical

computing. The device is electrically biased and emits light when stimulated by light. The input
can be at the same or at a different wavelength than the output light. Optical gain of 104 and
response times of 30 nsec have been ieported in the past for such devices. We expect to exceed
this performance - the response time is already shorter (510 nsec) - and we intend to provide
computer architects with easy-to-use components.
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The dynamic memory characteristics of InGaAsP photonic switching devices are in-
vestigated. An on-off-ratio of 5.5 : 1 and hold time greater than 10 ns enable clocked
data processing.

Optically controllable gates are of decisive importance for the implemation of logical
operations in all-optical data processing. Promising approaches to matrices of switching
devices operated at incidence normal to the surface for processing in parallel have been
demonstrated [1 - 4]. Buffered information input and output as well as clocked data
processing cycles can be attained by additional use of optical memory devices. Static
memory elements have been realized by optically bistable switches [5 - 7]. In the present
paper we explore dynamic memory characteristics of InGaAsP switching devices. We
achieve a hold time greater than 10 ns which enables clocked data processing. A switch-
ing contrast of 5.5 : 1 is demonstrated with negligible insertion loss in the on-state. A
basic analysis in terms of ambipolar diffusion provides a good description of the dynamic
memory characteristics.

Fig. 1 illustrates clocked data processing in the InGaAsP photonic switching device. A
Control (write) and a signal (read) beam are focused on to the surface to overlap. The
focal diameter is about 4 Am. The signal light pulses with wavelength At = 1.3tm, close
to the fundamental absorption edge of the InGaAsP compound are nearly completely
absorbed in the epilayer but pass the larger band gap InP substrate without additional
attenuation. The switching state of this photonic switch is controlled by an advanced
control pulse of same or different wavelength A,. Underlaying mechanism is dynamic
band filling [8]. Excess carriers generated by the control pulse reduce the absorption
coefficient at the test wavelength and thus switch to the on-state. The hold time is
determined by excess carrier lifetimes and ambipolar diffusion.

test InGaAsP oX gap.3p 13m) 03 0

F' .1 Sc" .matic of clocked data processing in
I thc T-iGaAsP photoruc switching device.

2 pm 200 P~m
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In the experiments a control pulse of power P, with r =10 ns width at A, = 835nm
wavelength is used. By continuous delay of the 200 ps test pulse P, the dynamic memory
characteristics are derived. Fig. 2 shows the modulation depth given by

SPt(P) -- P(P= 0) (1)
Pt (P,)

and the on-off-ratio in dependence on delay time. During the control pulse modulation
increases with growing excess carrier concentration. Beyond the control pulse efficient
modulation is detected for more than 10 ns. A 3 dB decrease is observed after 15 ns.
This memory effect is due to excess carrier lifetimes but is reduced by carrier diffusion.
Equivalent experimental results are achieved using the same wavelength for test- and
control beam. As depicted in Fig. 3 modulation depth exceeds 50 % and a 3 dB hold
time of more than 10 ns is observed which should be sufficient for clocked optical data
processing.

% 35 nm " 7.6 mW

i5.5" 9m Xmw  1.3 pm= 1. C.5~ 1.5k

30 0 3.mW 0
= P107 roW

0 F5 1. pm , \3,, i

05101520 530ns 0 510 15 202530ns

time - time --,-
Fig.2 Modulation characteristics in dependence Fig.3 Modulation depth as a function of delay

on delay time for a control pulse of r' = time using the same wavelength for test-
i0ns width. and control beam.

In the on-state the insertion loss of the switching devices is negligible. Total bleaching of
InGaAsP epitaxial layers s achieved experimentally by a reduced spot size of 2 1.m. The
modulation depth in dependence on control power is depicted in Fig. 4 for two InGaAsP
epitaxial layers of different thicknesses d and slightly varying absorption coefficients a 0
at the test wavelength At (87 - 742 :d = 2.2/zm,a~o = 5500cm - I, 88-858 :d = 3.5 gin,

ao = 6000cm-'). The modulation depth increases considerably with control power but
then saturation is observed at about m = 72%(82%) corresponding to an on-off-ratio
of 3.5:1 (5.5:1) with epitaxial layer no. 87-742 (88-858). From the material properties
an insertion loss in the off-state of 5.3 dB (9 dB) is derived limiting the modulation to
in 70%(87%) for total bleaching. These theoretical estimates are in good agreement
with the experimental results confirming the negligible insertion loss in the on-state.
Thus a suitable switching contrast can be obtained by optimization of layer thickness
and composition and even at large on-off-ratios total bleaching is achieved at low control
power levels.

For estimating the dynamic memory characteristics and the switching contrast theoret-
ically we assume carrier induced absorptio," c.hange [9] which can be approximated by
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1101
Aa -An(2)
a0  no + An + Nc exp( W")

where Aa denotes the absorption change, n0 k 1016 cm - 3 the electron concentration
of the epilayer, N, 3 . 1017cm - 3 the effective density of states in the conduction
band, and An the excess carrier density. The band gap energy W, - 0.95eV is derived
from absorption measurements in dependence on wavelength. Assuming carrier profile
flattening in depth by diffusion and a Gaussian-distribution of the intensity in the control
beam results in a spatial profile of the excess carrier generation rate

G(r) = Goexp(-(r/a)2 ) (3)

with
Go hP, 4

o = hw,7ra 2d (4)

where a = 2gim is the radius of the optical spot. Starting from the continuity equations
of ambipolar diffusion [i] a rough estimate for An is obtained as

= (1 -exp(-ft))exp(-(r/a 2 ) for t < r,

f= (exp(f ,) - 1) exp(-ft) exp(-r/a) for t > r,

with
1 + 4D=

f = +0.3 -. (6)
T a2
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Fig.4 Control power dependence of modulation Fig.5 Theoretical description of the dynamic
depth. Total bleaching of the epitaxial lay- memory characteristics.
ers is achieved at about P = 10mW.
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The ambipolar diffusion coefficient D. is given by

D Ap + (no + An)
AplD, + (no + An)/D (

We use D,, ; i0lcm 2/s and Dp - 3.75cm 2/8. Theoretical results assuming an excess
carrier lifetime of r = 30 ns are depicted in Fig. 5. Modulation depth and dynamic
memory characteristics are in good agreement with the experimental observations given
in Fig. 2.

To conclude, we have investigated dynamic memory characteristics in InGaAsP photonic
switching devices. The hojd time of more than 10 ns due to excess carrier lifetimes
enable clocked data processing. An on-off-ratio of 5.5 : 1 iL achieved using an InGaAsP
epitaxial layer of 3.5 ,im thickness. Total bleaching of the epilayer is attained at a few
mW control power. Thus the insertion loss of the switching device in the on-state is
negligible. Because of the low control power level and the large switching contrast this
device is well suited for parallel optical data processing.
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FREE-SPACE OPTICAL SYSTEMS FOR SWITCHING, INTERCONNECTIONS, AND COMPUTING

B. Keith Jenkins
Signal and Image Processing Institute
University of Southern California
Los Angeles, CA 90089-0272

The use of free-space optical systems for photonic switching, optical and

hybrid computing is discussed, including architectural tradeoffs and

comparisons with electronics.
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OPTICAL INTERCONNECTION NETWORKS EMPLOYING MULTIPLEXED CROSSPOINTS.

P. Healey.

Department RT2141, British Telecom Research Laboratories,
Martlesham Heath, Ipswich, UK., IP5 7RE.

Abstract:

New multi-stage image switching networks employing spatially multiplexed
crosspoints and birefringent interconnects are described which
simultaneously reduce both the crosspoint count and the switch control
complexity to the theoretical minimum. The networks may be one-sided or
two-sided, and both types are non-blocking in the strict-sense.

Introduction:

In a recent article [1] the author has demonstrated that the additional
degrees of freedom available to the optical systems designer can be
exploited in the realisation of highly-efficient optical switching
networks. The spatial/angle multiplexing power of optics, combined with
polarisation switching and routing, can lead to dramatic simplifications in
hitherto unrealistic electro-mechanical/electronic switching network
designs. For example, the simultaneous minimisation of crosspoint count
and control complexity, for a strict-sense non-blocking generalised
interconnection network, is now realisable for the first time [1].

The basic principle of crosspoint minimisation is based on spatial
multiplexing, as shown in Fig 1. The lenses perform a 'wiring' function
between the switch 'contacts' and its terminals, while polarisation is
employed as the switching and routing mechanisms. This simple optical
circuit is equivalent to a relay with many thousands of broad band
changeover contacts. Clearly, the spatial multiplexing power of optics has
allowed a vast saving in the number of physical crosspoints required, and
furthermore, the interconnection power of optics has eliminated the wiring
problem. The small physical size of the Fourier plane polarisation
modulator/crosspoint is also compatible with high speed operation.

Architectures:

Similar multi-pole changeover 'reiays' can be incorporated in the following
switching network architectures:-

(i) Shannon's minimum separate memory Exchange (1,2],
(ii) passive splitter/active combiner (1,3],
(iii) active splitter/passive combiner [1], and
(iv) active splitter/active combiner (1,3].

Networks (i) (ii) and (iii) achieve the theoretical minimum control
complexity and, by using multiplexed crosspoint, the theoretical minimum
number of physical crisspoints. Networks (iii) and (iv) are binary self
routing, and all four are strictly non-blocking. With optics, the switched
circuits can compise single beams or two-dimensional images (for example;
64 Bit computer data bus's) with no increase in crosspoint count or control
complexity. A Generalised NxN connection network, such as (ii), is capable
of implementing any mapping of inputs onto outputs (NN settings) and may be
used for one-to-one and one-to-many type communications [4]. (See Fig 2)
The total number of controls and crosspoints in a generalised optical
interconnection network employing multiplexed crosspoints is the
theoretical minimum of only Nlog 2N. The minimum loss, however, is lOglo0N
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(dB), due to the passive input signal distributors. Network (iv)
eliminates this loss, and 1-st order crosstalk but, can only perform one-
to-one permutations (ie, N! settings).

Optical Implementations:

A generalised interconnection network based on the components described in
this paper is shown in Fig 2. Each signal distributor is arranged to
create N equal intensity copies of each input image, and feed one copy to
each select network. (An efficient image distributor is shown in Fig 3a.)
The array of select networks is based on an assembly of N digital light
deflectors [5], each operating in the select 1 from N mode [1]. Digital
light deflection/selection is a method of addressing N - 2n locations using
n optical modulators and n uniaxial birefringent crystals [1]. (Fig 3b) In
this way, each output port of the switch can access its associated array of
N inputs, independent if other output port settings. Thus, many output
ports can make simultaneous access to any input port when broadcast, or one
to many, type connections are required.

The operating principles of optical switching networks employing
multiplexed crosspoints have been proven experimentally wit', a I to 16-way
fibre switch [1]. Uniaxial calcite crystals were used as the polarisation
routing mechanism, and twisted-nematic liquid crystals were used as
switchable half-wave plates. A four stage digital light deflector was
arranged to produce 16, binary addressed, 125 um deflection increments, to
coincide with the fibre core spacing in the linear output array. A simple
4-f imaging setup completed the switch 'wiring'. Details of these results
will be presented at the meeting.

Discussion and Conclusions:

Strict-sense non-blocking one-sided and two-sided optical switching
networks have been described which exploit the spatial multiplexing
properties of optical devices to achieve the theoretical minimum number of
crosspoints and control lines. The switched paths possess both high
temporal and spatial bandwidths and may be used, therefore, as dynamic
broad band image (eg data-bus) interconnection networks. Experimental
results confirm that large generalised switching networks should be
possible with current optical technology.

Acknowledgments:
The author wishes to thank the Director of Research of British Telecom for
permission to publish this paper.
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Figure 1. Multiplexed optical change-over 'relay' based on polarisation
routing and switching. In the crossed state, the polarisation switching
device interchanges the s and the p polarised beams.
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Figure 2. NxN Generalised interconnection network, comprising N
distribution planes (Fig 3a) and N digital light selection planes (Fig 3b).
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Figure 3. (a) Image distributor, (b) Digital light selection network, 4-
- p-polarised, ! :P- - s-polarised light beams. Ai - switchable
half-wave plate, Bi - Uniaxial birefringent crystal. (Although, for
clarity, spatially multiplexed crosspoints are shown in Fig 3b, angularly
multiplexed crosspoints can also be used.)
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On the spatial extension of

multistage interconnection networks

Josef Giglmayr
Heinrich-Hertz-Institut

fUr Nachrichtentechnik Berlin GmbH
Einsteinufer 37, D-lO00 Berlin 10

Federal Republic of Germany

A large number of multistage interconnection networks (MIN's) have been

proposed and analysed for the application in multiprocessor systems. There,

the mapping of one-dimensional (ID)-inputs (vectors) onto ID-outputs is ob-

tained by means of 2D-MIN's which can be realized by the current VLSI-tech-

nology. In contrast, the need for a 3D-MIN arises naturally in the optical

case where subsequently arranged arrays of optical bistabilities are inter-

connected by free space light beams. 3D-MIN's are expected to represent an

important development step for connecting networks in telecommunications

(Figure 1) as well as being the basis of the architecture of a pipeline-

type digital optical processor [l].

interconnection- switching-
pattern array

Figure i. 3D-MiN with distributed control (C) and regular interconnections

Throughout this paper the 3D-extension of several MIN's will be ana-

lysed and discussed. We are starting with a 3D-MIN with shuffle intercon-

nection patterns and switching modules with four inputs and four outputs.

Then, the 3D-extension of some other important networks ("between" the 3D-

omega net arK the crossbar, cf. Figure 2) is analysed and discussed. From
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the analysis of a 3D-MIN an answer to at least three questions is expected:

1) What is the most appropriate regular interconnection pattern, 2) how

many stages are needed for establishing arbitrary connections (or for gen-

erating arbitrary permutations), and 3) what is the optimal size of the

switching modules. Throughout this paper these problems are made transpar-

ent and some answers are presented.

A) 2D-generalized perfect shuffle

This pattern is easily constructed by means of the mixed radix number

system (MRNS) of an array

(X,Y) = (Xvix i, wjyj) (1)
1 3

which provides the numbering of the graphs of the generalized perfect

shuffle (GPS). Eq(l) together with the definiticn of the GPS allows the

construction of a general class of 3D-MIN's which include the 3D-omega net.

The second step will be the transformation of this 3D-pattern into its 2D-

counterpart.

B) Transformation

The transformation is based on the separation property of the 2D-GPS

(i.e. shuffling with respect to the columns is subsequently followed by

shuffling with respect to the rows and vice versa). Appropriate equations

for the transformation are derived from

S2 D(nl,n 2 ) [Iln n2  S(nl,2, 2 )] nln 2  )[nln2 'nn ® S(nl,n 2 )]  (2)

by means of Kronecker and shuffle algebra (a NxN data array is assumed

where N=nln 2, 1Ii is the unity matrix of i-th orc-r, S are shuffle matrices

and ® is the notation for the Kronecker product). A 2D-MIN composed of se-

veral stages with the interconnection patterns described by the r.h.s. of

eq(2) is isomorphic to the 3D-MIN and will be called generalized shuffle

net (GSN).

C) Interconnection pattern

Comparing the performance of the 3D-omega net and its 2D-realization

with the performance of the corresponding crossbar (Figure 2) it is easy

to conclude that the 3D-omega net is superior to its 2D-realization: The

bandwidth (mean number of requests accepted during one cycle, Figure 2a)
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is higher and the delay (mean number of cycles a request needs to pass the

MIN, 'igure 2b) is smaller. But the 3D-omega net is inferior to other MIN's

(gamma net etc.). In particular, reyular optical interconnects are request-

ed which "fill" the space between the 3D-curves and the crossbar in Figure

2 (Ist question).

r 1

crossbar

/ .- 3D

2DA2

102 2D4 -

3 . i

E 3 -

10 102 crossbar

10p 0
12 4 6 8 10 12 12 4 6 8 10 12

IogN 2  tog N2

2x2 Mx 8x8 16x46 32x32 64x64 2x2 4x4 8x8 16x16 32x32 64x64
input array input array

Figure 2. Performance of MIN's and crossbar

For improving the performance of MIN's the interconnection p~ttern has

to be "expanded". Another design parameter is the controllability of the

net. The following cases are considered presently: 1) Dilation of the 3D-

omega net (duplicating etc. of links), 2) 3D-extension of nets superior to

the omega net (gamma net etc.), and 3) 3D-extension of nets with simple

control algorithms (sigma net etc.).

D) Design of the net

Given the size of the switches (4x4-crossbars) and the interconnection

pattern transformed by eq(2) the number of stages needed to generate arbi-

trary permutations (multiprocessor system) or to connect any input with any

output (connecting network) has to be determined (2nd question). Most of
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the results on the number of passes and in turn on the number of stages

are for centrally controlled MIN's (2logN-I and 3logN-3 for the omega net)

whereby precomputation of all states of the switching modules is assumed.

But precomputation in real time (within one clock cycle) is impossible for

MIN's of practical size. Thus, distributed control is required (i.e. a

routing decision has to be made at each stage) and results are rather pro-

vided by the analysis of the random access through the MIN [2] than by per-

mutation analysis.

For the distributed control of MIN's composed of logN stages the (ex-

pected) number of passes needed for the 3D- and 2D-case has been compared

with the results for the corresponding centrally controlled 2D- and 3D-MIN's

(the latter results are obtained by the transformation into their 2D-coun-

terparts). In all cases considered, the number of passes obtained for dis-

tributed control was found to be less than the number of passes for cen-

trally controlled nets.

E) Optimization

Finally, the 3D-MIN's have to be optimized (3rd question). In parti-

cular, increasing the complexity of the MIN (multiple paths) which implies

an increase of the complexity of the switches (logic for the control of the

ports) the number of passes through the net needed to generate arbitrary

permutations etc. decreases. Thus, there exists a balance between the

costs for the interconnection patterns and the costs for the ports of the

switches. This balance has been analysed: Measuring the costs for the in-

terconnection patterns by the delay we have to differ between dilation

(where the costs decrease rapidly if the number of ports increases) and no

dilation, i.e. an increase of the number of ports chaages the type of the

interconnection pattern (there, the costs decrease much slower). doth cases

provide different solutions for the optimal number of ports of the switches.
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Nonblocking Photonic Space Switch Architectures
Utilizing Acousto-Optic Deflectors
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Bellcore, 445 South Street, P. 0. Box 1910, Morristown, NJ 07960-1910

1. Introduction

Optical switch architectures utilizing such 2x2 switching elements such as directional-coupler switches
and crossing X-switches tend to be limited in size by substrate sizes, system attenuation, and system
signal-to-noise ratio. Attempts to reduce the effects of these limitations typically result in irading off
desirable architectural features. Spanke['l achieved low system attenuation and good signal-to-noise
ratio by using a switch-intensive and interconnection-intensive architecture. Padmanabhan 21 increased
system signal-to-noise ratio by increasing the switch count of a more restrictive rearrangeable
nonblocking architecture. A summary of these tradeoffs is given in Table 1.

TABLE 1. Comparison of Optical Switching Architectures
Architecture # of Switching Devices Insertion Loss (dB) Crosstalk (dB)

Crossbar Switch N2  (2N-1)L+2W X-10 log10(N-1)

Benes (N/2)(21og 2 N-1) (21og 2 N-I)L+2W X-10 log1 0(2k-1)

Dilated Benes (2NIog 2N)-(N/2) (2log2 N-1)L+2W 0

Multiple Substrate
(EO Directional Coupler)
ASAC 2N(N-1) (2log2 N)L+4W 2X-10 log1 0k

ASPC/PSAC N(N-l) log2N(3+L)+2W X-10 log1 0 k

(AO Bragg Cell)
ASAC 2N 2L+4W <-28 dB

ASPC/PSAC N L+31og 2N+2W <-28 dB

N-Size of Switch
L-Insertion Loss of Device
X-Extinction Ratio of Device
W-Waveguide/Fiber Coupling Loss
k-log,N

In this paper, we propose using an acousto-optic deflector (AOD) as a basic switching element for
large optical space switches. We also propose partitioning the switch into multiple substrates in a
manner that exploits the unique lxN fanout structure of the AOD. We believe that crosspoint facility
switches as large as 128x128, with low system attenuation and crosstalk, can be built from minimal
hardware with control complexity of order N.

2. Acousto-Optic Switching Element and Architecture

The acousto-optic deflector diffracts incident light by means of an ultrasonic acoustic wave traveling
through the crystal. The ultrasonic wave sets up an optical phase grating either on the crystal's
surface or in it's interior by means of slight changes in the index of refraction through the
photoelastic effect. The impinging optical beam is diffracted by an angle

fix0i-(i = 1,2,3,...,n) (1)

where f, is the acoustic wave of frequency, X is the optical wavelength and v is the velocity of the
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sound wave traversing the media. 31 The AOD device can be implemented both in bulk optics and
integrated-optics form. In the bulk device, the optical phase grating is generated by LiNbO3pltIatet
transducers bonded to the side of the TeO2 or GaP bulk crystals. In the integrated devices, the
optical phase grating is generated by interdigital Surface Acoustic Wave (SAW) transducers attached
to the crystal surface.14]

The schematic for the multiple substrate architecture using acousto-optic deflector switches is
illustrated in Figure 1.

lxN Splitter 0 o |x Actmivet

1/ 0 0 (A °ive/ I
oassassive)

0N

o0
0 0

0 0

1 1

N(Active/ 0 0 (Active/ N
Passive) 0 0 Passive) |

NN

Figure 1. Multiple-Substrate Architecture

This architecture can be shown to be equivalent to the crossbar space switch. The principle of
switching is as follows: The input optical signals are deflected to one of N spatial positions where
they are summed or switched to form the crosspoints of the switch. Additional optical devices are
needed to couple the optical beams in and out of the substrates and to interconnect the multiple
substrates. This architecture is known to be interconnection intensive as opposed to switch intensive.
Depending whether the input and output substrates are active or passive; three switch classes are
possible, Active Splitting-Active Combining (ASAP), Active Splitting-Passive Combining (ASP)
and Passive Splitting-Active Combining (PSAC). (The Passive Splitting-Passive Combining
architecture is not useful as an active switch as it is equivalent to a passive star coupler.) From Table
1, the ASAC architecture shows superior characteristics for point-to-point switching, while the PSAC
and ASPC are desirable for point-to-multipoint switching. All three multiple switch architectures are
strictly nonblocking.

A crosspoint switch built with acousto-optic deflectors offers several advantages. The required
technology (both bulk and integrated) is mature. The system attenuation and crosstalk are determined
solely by a single-stage switching device; thus, as device technology improves, these characteristics
improve. The number of switch elements is of the order N; thus, the crosspoint requires minimal
hardware and control complexity. With these features, crosspoints as large as 128x128- may be
feasible. With the wired-OR functionality and the gray-scale capability, these architectures also look
promising in optical neural networks.131

3. Experimental Results

To determine the feasibility of the proposed architecturc, a 4x4 switch using an Activc-Splitter
Passive-Combiner architecture was constructed, as shown in Fig. 2. The input to each cell is a 1.3 pm
single-mode fiber attached to a 0.25 pitch GRIN-ROD lens with a diameter of 1.8 mm. At X f 0.83
um, this fiber supports several modes. The pitch of the GRIN-ROD lens, chosen to collimate the
light exiting the fiber, produces an output bean whose diameter is estimated to be 350 pm. A low-
cost, commercially available acousto-optic Bragg cell with a 50 Mtlz bandwidth, ceitered at 2(1 Mlz,
is used. A set of negative and positive cylindrical lenses in a Galilean-telescope configuration serves
to reduce the overall switch size by a factor of two, since the deflection angle of the Bragg cell varies
only from 1.650 to 2.750 over the frequency range of 150 to 250 Mtlz. The negative lens is designed.
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Figure 2. 4x4 Photonic Space Switch

with a focal length of 7.62 cm and is situated 7.95 cm from the GRIN-ROD lenses to double the
deflection angle of the Bragg cell. The positive lens is designed with a focal length of 15.42 cm to
bend the deflected beams parallel to each other such tl',3 they can be focused into the 4xl multimode
power combiners via an array of GRIN-ROD lenses. ('oo.pling efficiency is increased by using
multimode fiber with core diameter of 50 pm.

Measurements at X, = 0.83 pm indicate a 9.6 dB loss due to the in1',: and output fiber coupling, a 3 -
8 dB diffraction, loss from the Bragg cells, and a 1 dB loss from the multimode power combiners,
adding up to a 13.6 -18.6 dB total insertion loss for the entire switch fabric. The large variations in
the total insertion loss result from operating the Bragg cell beyond its 50 MHz bandwidth.

Polarization sensitivity measurements reveal a 0.8 dB variation between the deflection efficiency of the
TM and TE waves in TeO2 at 1 W of RF power. The reconfiguration time is 50 ns. The worst case
crosstalk is less than -24 dB and the worst case extinction ratio is 33 dB. All switching modes of
operation, point-to-point, point-to-multipoint and wired-OR, have been demonstrated.

Recent experiments indicate that the insertion loss variation can be kept within 3 dB and that
crosstalk can be reduced to less than -30 dB by using an AOD Bragg cell with a phased-array piezo-
electric transducer design. With properly phased delayed RF control signals, 10% diffraction
efficiency at X = 1.3 pmn is achieved over a bandwidth of 200 MHz of I W RF.

4. C7onclusion

A polarization-insensitive 4x4 photonic space switch with multicasting capability has been
demonstrated using acousto- optic techniques at X, = 0.83 pm. The switch's is active-splitting passive-
combining architecture has the advantage of low switch count and requires con~trol complexity of
order N. This experiment is the basis for a more generic .switch design tha; includes multiple
substrate AOl) switch elements and an interconnection matrix.
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An All-Optical Shift Register Using
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Shift registers are a basic component of electronic switching and computing systems. In the development of optical
switching and computing systems, applications for all optical shift registers are also forseen. These applications
include serial-to-parallel and parallel-to-serial converters to match the inherent parallelism of free-space optics to
the presently serial nature of optical transmission systems and most electronic systems, time division switching
components such as time slot interchangers and elastic stores, and general purpose computing (binary
multiplication, etc.). We present the first demonstration of an all optical shift register using reflection-mode
symmetric self electro-optic effect devices (S-SEEDs)(11 [21. An optical shift register with electronic shifting using
charge coupled devices (CCDs) has been demonstrated 31, but the lack of optical logic/memory devices with
reasonable switching energies has made the implementation of an extensible all optical shift register difficult.
Symmetric SEEDs, which function as optical set-reset latches, provide this memory with reasonable power
requirements. In addition their ability to operate without critical biasing over a wide range of power levels makes
them an excellent choice for these initial system experiments. Previously, transmission-mode S-SEEDs have been
cascaded in an optical ring counter arrangementE4), but the optical techniques used in that experiment were not
extensible to many bits. The optical techniques used in the experiment that we describe here, are extensible, not
only to larger shift registers, but to many shift registers operating concurrently using only a single array of devices.

In this experiment, four S-SEED latches on the same array were cascaded in a master-slave configuration to form a
2-bit shift register as shown schematically in Fig. 1.

;4 Q4

Figure 1. Shift register connections: each device's reflected outputs become the next devices inputs

Simultaneously clocking alternate devices (i.e.- all of the "master" latches or all of the "slave" latches) insures that
the signal beams set the state of the devices before the clock beams are applied to read them out. Note that, since
the S-SEEDs actually perform an inverting S-R latch function, the data is inverted once as it passes through the
master latch and then again as it goes through the slave latch.
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The optical information is this system is propagated as an array of collimated beamswhich are transformed into
arrays of spots at the image planes. The two sets of clock beams, CLK and CLK are generated by current
modulating two AlGaAs laser diodes at 850 nm, which are combined onto the same polarization via an optical
isolator configuration. Both laser beams pass through a 1 x 2 binary phase grating (BPG) 151 [61 that produces two
equal beams for each laser that ultimately are routed to th "cdve devices. (ie. the first and third devices are
driven from one laser and the second and fourth devices d the other.) Each of these (four) beams pass
through a second I x 2 PBG that generates a set of beams .put beam 171 that are routed to the two optical
windows (ie. set and reset) of each device. Zoom lenses w,.,t- needed to match the grating periods to the device
window spacings. Two additional lasers provided the input signals to the first device.

Combining the two input signal beams, clock beams, and loopback or interconnection beams so that they can be
imaged onto the device array is accomplished using a space-multiplexing technique81, as illustrated in Fig. 2.
Mirrors M1 and M2 consist a 2-D array of small mirrors deposited onto a thin glass substrate. Lenses image the
clock, signal, loopback and output spot arrays onto and off of these mirror arrays. The input and loopback signals
reflect off of M2 and M1, respectively. The clocks pass through M1 and the reflected device outputs pass through
M 2. The reflected outputs are also sampled by a pellicle beamsplitter and are imaged onto Si avalanche photodiodes.
The lenses used to image spots onto the patterned reflectors have focal lengths of 40mm, whereas the final objective
next to the device has a focal length of 7.7 nam. This results in a 5.19 magnification step between the devices and the
mirror arrays and a lowered numerical aperture (N.A.) for the spots formed on the mirror array. This lowered N.A.
results in easier alignment of the mirror arrays with the spots and devices, and a decrease in the spherical aberration
introduced by the glass substrates on which the mirror arrays are fabricated.

,/-IW

)J2l~llm l'.phle

Loopback < :=51

SPOS M 2  i s S-SEEDS

I I

CLK RK V I '-'O

Inputs:
Sin & Rin

Fiure 2. Simplified diagram of the optical shift register implementation (rays indicate connections performed, not
actual propagation paths)

Thc signal and clock lasers were driven from the output of a digital word generator. Figure 3 shows the two optical
input signals dnd the four Q outputs from each device. As we stated earlier, note that alternating outputs are
inverted and that they are delayed by 1/2 clock cycle. The peak laser diode output powers were -4.9mW. This
resulted in clock powers of --215jiW on each mesa of the devices. The signal beams after the loopback path were
estimated to be -5.84W and -2.9gtW for a logic one and zero respectively. The fastest measured switching speed
of -201as is somewhat longer (-5x) than the expected speed based on a measured switching energy of 12 pJ for
these devices 12]. Part of this may be due to the high leakage currcnts in these devices ( -600nA at 16 volts), which
can reduce the "differential current" that switches the device.

62



ThC5-3
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Figure 3. Optical inputs and outputs of the shift register

In conclusion, we have demonstrated an all optical shift register using reflection-mode S-SEEDs with relatively low
switching energies. The implementation used easily fabricated patterned mirror reflectors and binary phase gratings
along with conventional optics, and was driven by low-powered laser diodes. The techniques used are thermally and
physically stable, relatively easily aligned, and extensible both to larger shift registers and to many shift registers
operating on the same array.

We would like to thank Rick Morrison, Sonya Walker, and D. Bruce Buchholtz for fabricating and characterizing
the BPGs used in this experiment.
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Exciton Enhanced Photonic Switching in GaAs-A1GaAs Fabry-Perot
Resonators

W. Kowalsky, T. Hackbarth and K. J. Ebeling

Institut ffir Hochfrequenstechnik, Technical University of Braunschweig, D-3300 Braunschweig, Federal
Republic of Germany

Exciton enhanced photonic switching in GaAs-AIGaAs Fabry-Perot Resonators is demon-
strated. Switching contrast of 10 : 1 is achieved at 1 mW control power.

Optica!ly - itrolled photonic switching devices are key elements iii prospective optica'l data processing [1].
Several approaches to matrices of surface normal switching elements t .- 'ds parallel optical computing
have been demonstrated 12 - 61. In the present paper we investigate optically controlled switching in
a GaAs-AlAs MQW etalon integrated with a multilayer dielectric reflector grown by molecular beam
epitaxy. With a 20-period MQW etalon we achieve a switching contrast of 10 : 1 at less than 1 mv."
control power. Excess carrier lifetimes of a few rs allow for bit rates of ca. 100 Mb/s.

Optically controlled photonic switching in reflection is illustrated schematically in Fig. 1. The essential
alement is a GaAs-AIAs MQW etalon in front of a multi-layered dielectric reflector.

MOW Layer Dielectric

I/ Reflector

= 70 n Substrate

•1 -". Fig. 1 Schematic of the GaAs-AlAs MQW etalon
integrated with a multilayer dielectric reflector.

The total optical length of the eta)on is optimized to attain a coincidence in wavelength of the excitonic
absorption resonance )f the quantum wells with a Fabry-Perot reflection minimum. The power of the
reilected test beam at the resonance wavelength At - 868.3nm is influenced by a second superimposed
control beam of same or different wavelength. ALgle or polarization diversity schemes may be used for
beam discrimination. The control beam of power P. bleaches the excitonic absorption resonance by
generation of excess carriers resulting in increasing power of the reflected test beam. The effective spot
size of about 4414m 2 is mainly determined by carrier diffusion. Because of the low control power required
several hundred channels per mm 2 can be operated in parallel without thermal problems.

The mult'"yer structure was grown in a Varian Gen II MBE system. The MQW etalon consists of 20
GaAs quantumi wells (20 nm) embedded in AlAs spacer layers of 85 nm thicknesses. T;ie reflectivity of

19n " f I A1A./A1 A- Aa A /an I.tt4_tha di,1et.re-flet-- A& -- -........- . .- u . . aaj quartet' waw layers) is larger than
g5 %. Due to excitonic absorption in coincidence with a Fabry-Perot reflection minimum the reflectivity
of the device is diminished to about 5 % without excitation.

Since a slight increase of the carrier concentration is sufficient to suppress the excitonic absorption res-
onance, a strong switching contrast ii achieved at only a few mW control powe.. The experimantally
determined switching contrast in dependence on test wavelength for control power P, = 2.",mW is shown
in Fig. 2.
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At the resonance wavelength an on-off-ratio of 8 1 is observed. The control power dependence of the
switching ratio is depicted in Fig. 3.

9
tPc = 2.5 mW
8 Pt = 7.7 PW

.9.

-7
10 - Pt10 2PW

6.- -0 = 268.3nm

5 QW -.

dielectric
reflector
substrate L

5
3

maw
2- dielectric

reflector
substrate

840 850 860 nm 870 0 0.5 mW 4

test wavelength Xt - control power Pc --

Fig. 2 Switching contrast in dependence of test Fig. 3 On-off-ratio as a function of control power.
wavelength.

For optimized experimental conditions it increases nearly linearly with control power and is far from
saturation. At only 1 mW control power a switching contrast better than 10 : 1 is achieved. This strong
modulation at a low control power level is promising for densely spacing of parallel channels.

$ 40 100I %- 868.3 nm . .

x 30 - so•

~60 'i
.--- "

reflector i 0
20

02 0 ' ' ' , , , ,0 I "J , I
1 10 100 PW 1000 0.75 0.8 0.85 0.9 Pm 0.95

test power Pt - wavelength --
Fig. 4 Reflectivity increase due to self-bleaching Fig. 5 Theoretical analysis of switching charac-
by the test beam. teristics.

The dependence of the excitonic absorption coefficient on the excitation intensity is derived from the
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reflectivity of the switching device as a function of test power. The experimental results arc depicted in
Fig. 4. The kink at about Pt = 20pW(-- 50W/cm2 ) is probably caused by saturation of nonradiative
recombination centers. From the distinct reflectivity increase at higher power levels the intensity depen-
dence of excitonic absorption is estimated. Assuming a linear approximation a(I) = ao + a 21 results in
a 2 = 10...45cm/W which is in good agreement with earlier work [7].

Fig. 5 summarizes theoretical results on switching characteristics in dependence on test wavelength.
Whereas the reflectivity of the dielectric reflector gives a broad platean indicated by the dotted line,
adding the MQW etalon results in resonance minima at about 800 nm and 860 nm (dash-dotted line).
Fundamental and additional excitonic absorption indicated by the broken and solid curve, respectively,
reduce the reflectivity at 860 nm wavelength to only a few percent. Thus bleaching of the MQW etalon
by optical excitation enables a high on-off-ratio as observed experimentally.

To conclude, we have investigated optically controlled photonic switching in GaAs-AlGaAs MQW Fabry-
Perot Resonators. Excitonic absorption in coincidence with a Fabry-Perot resonance enables a strong
switching contrast. An on-off-ratio of 10 : 1 is achieved at 1 mW control power. Dynamics are limited by
excess carrier lifetimes to about 100 Mb/s. Because of the low power consumption this device is suitable
for high speed parallel optical data processing.

We gratefully acknowledge the financial support by the Stiftung Volkswagenwerk and the Bundes-
ministerium fur Forschung and Technologie.

References

[1 1 A. Huang, IEEE Proc. 72 (1984) 780.

[2 ] D. A. B. Miller, D. S. Chemla, T. C. Damen. T. H. Wood, C. A. Burrus, A. C. Gossard, W. Wieg-
mann, IEEE J. Quant. Electron. QE - 21 (1985) 1462.

[3 ] G. D. Boyd, D. A. B. Miller, D. S. Chemla, S. L. MsCall, A. C. Gossard, J. H. English, Appl. Phys.
Lett. 50 (1987) 1119.

[4 J 3. L. Jewell, A. Scherer, S. L. McCall, A. C. Gossard, J. H. English, Appl. Phys. Lett. 51 (1987) 94.

[5 1 D. Hulin, A. Mysyrowicz, A. Antonetti, A. Migus, W. T. Masselink, H. Morkoc, H. M. Gibbs, N.
Peyghambari-in, Appl. Phys. Lett. 49 (1986) 749.

[6 J W. Kowalsky, K. J. Ebeling, Opt. Lett. 12 (1987) 1053.

[7 ] D. S. Chemla, D. A. B. Miller, P. W. Smith, Opt. Engineering 24 (1985) 556.

68



ThD2-1

TRANSVERSE MODES AND WAVEGUIDE DISPERSION
IN SUBMICRON GaAs/AAs MICRORESONATORS

J.L. Jewell, S.L. McCalla, A. Scherer b ,

A.C. Gossard c and J.H. English c

AT&T Bell Laboratories, Rm. 4G-520, Holmdel, NJ07738 U.S.A.

INTRODUCTION

Miniaturization of optical devices is a key approach to minimizing their energy and time
requirements. The formation of GaAs microresonators was a step in this direction which
reduced device diameters, controlling energies, and recovery times to about 1.5 Pim, 600 fJ, an:l
200 ps respectively. Diameters of the studied devices was limited to - 1.5 pm by our ability to
focus the -,. 875 nm light in air. More recently we have been able to study devices down to <0.5
pjm diameter. Devices in the - 0.5-1.5 pm "intermediate" range are difficult to operate due to
the effects of multiple transverse modes. When diameters are <0.5 um (the size range sought
anyway), they appear to be single-mode, or nearly so.

EXPERIMENTS

Gating of the devices was observed with the same picosecond pump-probe apparatus' as before.
A Kodak bi-aspheric molded glass lens with numerical aperture NA=0.55 provided tight
focusing. Combining this with a 2-mm-radius hemisphere of SrTiC'3 (refractive index n=2.4;
obtained from Hibshman Corp.), yielded an NA of - 1.3 and theoretical focusing to - 0.4 Pm
FWHM. Furthermore, we added a spatially incoherent illumination/imaging system allowing us
to view many devices on a TV screen.

Figure 1 shows images of 4 "large" and 2 "small" microresonators at 5 different
wavelengths. The "large" /"small" devices are 4-pim/3-pim center-to-center and 1.2-p n/0.8-pnm
in diameter. Since the light is reflected from the microresonators, a transmission resonance is
indicated by darker images. At. the longest wavelength the larger devices show a generally dark
central region, which we interpret to be the lowest order mode. At 8911 A they are very bright
(no resonance), but at 8872 k they show a dark ring with a bright spot in the center, the next-
higher-order mode resonance. The r.ext resonance occurs at 8794 A and has a small dark region
in the center.

Due to waveguide dispersion the smaller devices have resonances at different
wavelengths than the larger ones. (Thickness variations of the multilayer structures are
negligible over the several device separations.) A resonance occurs at 8911 A, where there is no
resonance for the large devices. Resonances also occur at the two shortest wavelengths where
the reflected light patterns form a bright horizontal bar at 8849 A and a dark bar at 8794 A.
Since defocusing can change the appearance of these patterns, we focused at each wavelength to
maximize sharpness of the devices' outer edges.

The validity of these mode patterns is strengthened by our pump-probe experiments
on the larger devices. Since the probe beam can be focused to a size much smaller than the
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devices, it can preferentially couple into different modes. For example, at 8872 k. with the
probe focused at the center (bright region), the reflectivity switches from its initially high value
to a lower one. Moving the probe to the dark ring results in switching from lower to higher
reflectivity, and having the probe on the outside (bright) region again results in higher-to-lower
reflectivity switching. We see similar behavior in the smaller devices.

8794 A 8849 A 8872 A 8911 A 8929 A

Figure 1

Due to the multiplicity of transmission peaks discretely separated in wavelength,
devices in the ,-. 0.5-1.5 pm range show decreased modulation of the probe beam by the pump
beam. in resonators larger than -2 pm diameter the resonances overlap and these effects are
not observed. To achieve efficient modulation in the intermediate size range it would be
necessary to match the intensity profile of our beam to a particular mode of the resonator. On
the other hand, a sufficiently small device would have only a single transverse mode which
should be better matched to our laser. This appears to be the case since the smallest devices
observed, <0.5 pm diameter, show much larger modulation than do the .- 1 pm devices.

- 1/2 pm Diameter Device
__ 8575 A probe, 3 pJ control

zero
delay

30 ps
3ym delay

[ 3/tm _ _ _

Figure 2 Figure 3

Figure 2 shows a region containing some - 0.5 pm devices. Although the feat-nres on
the mask used to make them were 1.5 pm i4L diameter, limitations and imperfectio- 'n the
contact optical lithography resulted in their reduced sizes to the point that some are even
missing as in the upper left corner. Quality of these device structures is not known. The spot
sizes in Fig. 2 are at the diffraction limit of the imaging system. If an actual device was smaller
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it would appear fainter but riot much smaller on the TV screen. Thus we expect the device in

the top center of the two photographs is the smallest in the field. The top photograph in Fig. 2

has the probe beam focused onto the device (making it appear much brighter), while the bottom

photo has only the illumination beam incident. Its smaller size is further evidenced by its

shorter wavelength resonance, consistant with our expectation from waveguide dispersion.

Figure 3 shows the response of this device. It has about 80% modulation which is more than

that of the larger devices. Full modulation would require a well-balanced resonator design and

coupling cf the entire beam into a single mode. Lack of either could easily cause the incomplete

modulatior.. The pump energy was quite high, about 3 pJ, but this is not surprising because: 1)

the pump Leam was not focused as well as the probe, and 2) the resonance occurred at 8575 A

which is well inside the absorption band of the bulk GaAs. The modulation is du- to large

absorption Zaturation by a fraction of the 3 pJ pump. The device is also observed to recover in

30 ps. Its a. tual recovery time is smaller since the pulse duration overlap and relative jitter

caused an apparent 13 ps rise time in the response. Thus the speed is in accordance with that

expected from size scaling 2, while the energy requirements for such small devices have not yet

been reasonably tested.

CONCLUSION

High-numerical-aperture focusing has allowed us to investigate the smallest optical resonators

yet studied, about 4-pm long and as little as <0.5 pm in diameter. The "intermediate" size

range, ,-'0.5-1.5 am diameter, is difficult for device operation due to the effects of multiple

transverse modes. They could be made single-mode by cladding with an appropriately high

refractive index material. Smaller devices can be single mode even with low-index (i.e. air)

cladding. We expect that the best performances (lowest energy and time requirements) will be

obtained from the smallest devices into which one can couple the light.
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InGaAs/InP MQW 3x3 Planar Spatial Light Modulator
Grown by Gas-source Molecular Beam Epitaxy

M.A.Z. Rejman-Greene, E.G. Scott, and E. McGoldrick
British Telecom Research Laboratories,
Martlesham Heath, Ipswich IP5 7RE, United Kingdom

1, Introduction,
The practical realisation of two-dimensional spatial light modulators is a key
reqairement in the development of optical processing and all-optical switching.
Among the more promising designs of SLM are those utilising the
Quantum-Confined Stark Effect (1 "8) in Multiple Quantum Well (MQW) layers.
The use of III-V semiconductor materials offers the prospect of monolithic
integration with other electronic and optical components. In particular,
modulators grown on InP substrates simplify array operation in transmission,
whereas in GaAs-based systems the substrate is removed for operation in the
transmissive mode(1). To date, devices in both systems have been formed for
the most part by etching mesas()(3)(8); however, a planar technology is
preferred if robust arrays are :o be produced, or more complex functionality is
envisaged.

2. Fabrication of Arrays of Planar Modulators
The MQWs were grown on 2" diameter S-doped InP wafers by gas-source MBE,
using conventional solid sources for the group III elements, and As 2 and P2

beams obtained by passing arsine and phosphine through a low pressure
cracker operated at 10000C. High quality interfaces were obtained by ramping
the solid source temperatures, and by interrupting the growth during the
changeover of group V sources. After epitaxial layer growth, individual
modulators are made by etching windows in a PECVD silicon nitride layer,
followed by zinc diffusion through these windows to a depth of 1.2gm. Finally,
contacts are made to individual devices by patterning sputtered Ti-Au layers
using conventional photolithographic techniques.(Fig. 1)

Modulators, spaced at 500g±m intervals, are designed to produce a sensitive
area of diameter 45g m, together with an offset bond pad approximately 50Atm
;"Anvao f*i. one ^f ,,Iv unt golnet a, amoll groe~ oao n#4 yad,,pina
** all ~ .bd WAJ .uO W w. .f..f. -S I UW I~ 4 04&&*IA WVAWU

the doping of the MQW layers, the capacitance of unbonded modulators is b.4pF
at an operating voltage of -30V - promising very fast operation in system use.
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Suitable arrays on the processed wafer are identified by measurement of the
dark currents of individual devices using an automatic wafer prober. Chips
from the wafer are cleaved and then bonded on to DIL headers over predrilled
apertures. Thermocompression bonding to individual devices enables the low
dark currents to be maintained through to the completion of processing of 3x3
arrays. (fig.2)

3.Array assessment
Transmission spectra have been obtained using a Bruker IFS88 FT-IR
spectrometer coupled to an externally-mounted microscope and optimised for
operation in the near-IR - a novel approach which enables fast assessment of a
large number of devices. Fig. 3 shows typical absorbance spectra on a device
from a 3x3 array located near the centre of the 2" InP wafer - 3dB modulation
is realised at 1.525gim. The 5dB insertion loss should be substantially reduced
by incorporating anti-reflection coatings. Measurement of the transmission
through modulators in a line 12mm long shows that the variation in unbiased
absorption edge is no more than 4nm, indicating a variation of 0.2dB in the 3dB
modulation for these devices.

In conclusion, we have described a process for the fabrication of a uniform 3x3
array of electrically-addressed planar optical modulators - thu first reported
planar SLM array in the InGaAs/InP MQW system. The individual modulators
are cha:acterised by a low capacitance and dark current, and exhibit a 3dB
modulation of the transmitted light at 1.525.tm, close to the optimum
wavelength of opeation of optical fibre communication systems.

The authors thank Ms L. Davies for the diffusion and Ms L. Johnson for the
device bonding; and Dr. P Turner from Bruker Spectrospin Ltd.
Acknowledgement is made to the Director of Research British Telecom for
permission to j-ublish this paper.
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Batch Fabricated Symmetric Self Electro-optic Effect Devices
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Digital optics systems are expected to provide powerful new methods of processing and routing
digital information. The power of these systems arises from the massive parallelism made possible by
the high interconnectivity of free space optics. Up until the present it has not been possible to build
such systems due to the unavailability of suitable devices. Although numerous device concepts are
being investigated, presently the Symmetric Self Electro-optic Effect Device (S-SEED), has the most
suitable blend of device characteristics for system tests.

The fundamental principles of operation of SEED's in general and the S-SEED in particular have
been previously described in detail [1,2]; a summary follows. Exciton peak absorption at a wave.ength
%o, persists in a Multiple Quantum Well Structure (MQWS) even at room temperature. By way of the
Quantum Confined Stark Effect, an externally applied electric field, perpendicular to the MQWS, can
significantly modulate the absorption at X. by red-shifting the exciton peak. In a p-i-n diode, with an
undoped MQWS sandwiched between a p and an n layer, a reverse-bias voltage produces an electric
field perpendicular to the MQWS, which controls the intensity of a light beam at X, that passes through
the MQWS as well as the magnitude of the photocurrent that is generated. Such a diode, when reverse-
biased through a load, can be made into an optically bistable device that is switchable by optical signals.
This diode and load become a Self Electro-optic Effect Device (SEED) [1].

An especially robust device occurs when two such diodes are reverse-biased in series, as shown
schematically in Fig. 1, so that each acts as the others' load. This Symmetric-SEED (S-SEED) is an all
optical, three-terminal device which acts as an optical set/reset latch. It exhibits time-sequential gain
and so is optically cascadable. The S-SEED utilizes two incident beams; thus it is dual rail device.
This mode is a distinct advantage since the operation depends on the ratio of the intensities of the
incident beams and not on their absolute intensities. In a system design this ratio dependence allows for
a relaxation of the tolerance requirements on uniformity for arrays of devices and incident beams [2].

The assembly of digital optic, systems requires large arrays of devices. This paper describes the
design and fabrication of arrays o S-SEED's with an internal dielectric mirror [3]. The advantages of
the reflective device design over transmissive S-SEED designs includes:

1) Amenability to batch fabrication using standard processing procedures;

2) Shorter switching times due to smaller device size made possible by batch fabrication;

3) Increased output beam contrast due to double passes by light beams through the active MQWS;

* Presently at University of California at San Diego, Ca.
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4) Better heat sinking, because the back of the chip can be heat sunk.

A schematic cross-sectional profile of a reflective S-SEED is shown in Figure 2. A complex
GaAs/AlGaAs heterostructure was grown by Molecular Beam Epitaxy (MBE), consisting of an undoped
quarter-wave layer reflector stack, followed by an n conducting A1GaAs layer, then by the MQWS
topped off by a p+ conducting layer. The subsequent fabrication included: mesa-etching down to the n+

layer, isolation of individual p-i-n diodes with ion-implantation, ohmic metal contacts, an insulator
deposition through which appropriate windows were provided, an interconnect metallization and an anti-
reflection coating deposition. The procedures were ,performed with a set of lithographic masks to
produce a variety of device dimensions, shown in Table 1., in various array sizes.

Figure 3 is a photograph of one such array. The interconnection is such that all devices are
electrically biased in parallel. The optical windows are large enough for two separate beams of focussed
light per diode. This is necessary for optical logic systems.

The arrays were evaluated by comparing the results of the following experiment performed on each
individual device. While a constant intensity beam Pin2 is incident on diode 2, Fig. 1., the intensity of
the beam incident on diode 1, Pin,, is linearly ramped between 0 and 2Pim2. The output intensity P,,2 is
then plotted against P,,,. The expected performance is the following. When Pin, = 0, the device is in
the state where V (voltage at a point between the two diodes) is equal to V. and Pua is dim. The
device remains in this state until Pi, far exceeds Pin2 whereupon V drops to 0, and Pua becomes
bright. The device then remains in this state until Pi, 1 drops far below Pin2 whereupon V rises back to
Vo and Pu again becomes dim. A plot of P,,t versus Pin, should then be a hysteresis loop, the
vertical height of which gives the output contrast and the horizontal width the robustness of the latching
states. Figure 4 shows a superposition of the hysteresis loops of 128 devices in one 8x16 array. All
the devices operate, 126 devices exhibit uniform operating characteristics and two show reduced
sensitivity. The results of the fabrication and testing show that large arrays of reflective S-SEEDs can
be batch-fabricated and that these arrays are suitable for system tests.

[1] D. A. B. Miller, D. S. Chemla, T. C. Damen, T. H. Wood, C. A. Burrus, A. C. Gossard, and W.
Wiegmann, IEEE J. Quantum Electron. QE-21, 1462 (1985).

[2] A. L. Lentine, H. S. Hinton, D. A. B. Miller, J. E. Henry, J. E. Cunningham, and L. M. F.
Chirovsky, Appl. Phys. Lett. 52, 1419 (1988).

[3] G. D. Boyd, D. A. B. Miler, D. S. Chemla, S. L. McCall, A. C. Gossard, and J. H. English,
Appl. Phys. Lett. 50, 1119 (1987).

TABLE 1. DEVICE SCALING

MAX.
MESA CAPACITANCE BEAM DIA. SPACING

(,tMuxAtm) fft ;fSA) (.m) (JI)

200x200 4,600 50 400
10Oxl00 1,150 40 200

60x60 415 25 140
30x30 105 10 80

14x13.5 22 5 40
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SYMMETRIC SEED

Figure 1. A schematic diagram of an S-SEED. Two
PIN1 PiN2 MQW diodes are reverse-biased in series to Vo;

V their interconnection region assumes a voltage V.
ii >I. -. - *Vo The input light beams P,, and Pi,2 are transmitted

I1 - 2 or attentuated to P,, and P+ 2 and corresponding
$ photocurrents 11 and 12 are generated.
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Figure 2. A schematic cross-sectional profile of a reflective S-SEED. This illustrates the MBE grown
structure and the subsequent device processing.
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. Figures 4. A storage oscilloscope superposition of
the hysteresis loops which characterize device

Figure 3. A photograph of an 8x16 array of S- performance, for 128 S-SEED's in one 8x16 array.
SEED's. This data is obtained by plotting Po,,2 versus Pi,,,

when Pin2 is constant and Pi,,I is ramped between 0
and 2Pi^ 2.
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Diffusion Assisted Optical Switch: A new optical logic device

Theodore Sizer II, Gabriela Livescu, Jack Cunningham and David A.B. Miller
AT&r Bell Laboratories
Crawfords Comer Road

Holmdel, NJ 07733-1988

Both photonic switching and optical computing applications require that one have
a device which uses one beam of light to switch either the amplitude or direction of
another beam of light. Free-space imaging architectures are the most powerful in using
large numbers of these devices in parallel. This places several requirements on the device
parameters. First, the speed of the device must be compatible with either telecommuni-
cations or computing applications and as such must have a speed which is in excess of 1
GHz. 11 The optical energy to switch an individual device must be low since even a device
with a 1 plcojoule energy requirement when used at 1 GHz and in a 100X100 array re-
quires a total switching power input of 10 Watts. This is a large amount of power which
is presently unrealizable from lasers at the wavelengths required by current devices. The
devices must also be cascadable and have a gain of at least two to allow the output of
one device to drive two identical devices. The device should have a vertical structure
(as opposed to waveguide) to allow for free-space imaging to large numbers of devices.
Finally, the device should be fabricatable in large, closely packed, regular arrays.

What we describe here is a new device which satsfie.4 many of the above requirements.
The demonstration device uses GaAs - AIGaAs quantum wells in the intrinsic region of a
reverse-biased PIN photodiode. The structure Is very similar to the SEED modulator first
demonstrated In 1984[21 which used a large mesa structure to define the PIN region. In
this device, however, we employ a light spot which is many times smaller than the mesa
Itself. Used In this way with fast optical pulse inputs and precision timing between the
logical inputs and outputs, the switching mechanism Is considerably different than that
of the SEED modulator. A series of diagrams which detail the operation of the device
are shown in figures la-d. Figure le Is an I-V curve taken with the input optical pulses
tuned to be at the peak of the exciton near OV bias voltage. This curve Is related to
the Inverse of the transmission of the device providing for (at this input wavelength) a
transmissive device at high voltages and an absorptive device at lcw voltages. At times
before the input logic pulse (figure la) there is low light and as such the voltage provided
is entirely across the high impedance PIN structure. When the pulse of light is incident
on the mesa (figure lb) the light is absorbed in the intrinsic region of the PIN; however,
the electrons and holes are uniformly distributed throughout the intrinsic region and as
such there is no change in the voltage in the focal region. At some later time, called T,
(figure ic), the electrons and holes transport out of the quantum wells and make their
way to the P and N conductive regions. Since the applied field Is solely in the vertical
direction the electrons and holes are still bunched together In the plane of the wells. At
this point the electrons and holes provide a screening field which is opposite In sign to
the bias field which reduces the voltage in the focal region. Because the electrons and
holes are localized, however, the voltage at any other position on the mesa remains at
the bias voltage. As can be seen in figure le, this reduction in the voltage causes an
increase in the absorption of the PIN structure in the focal region which can be used to
provide a logical NOR operation. At a still later time, called T2 (figure id), the electrons
and holes laterally diffuse which causes the voltage in the focal region to recover. Thus,
the risetime of this levice is the transport time through the quantum wells while the
falltime is the lateral diffusion in the P and N regions.

A device has been fabricated to tcst the device characteristics. Sixty-three periods
of 105 angstrom GaAs wells and 80 angstrom AIGaj_,As barriers (x=0.4) were used as
the intrinsic region of a PIN structure. A 200X200 pm mesa was defined and electrodes
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Figure 1: Diagram of device operation and IV curve for Quantum well based PIN structure.

were patterned to provide the reverse bias. Fifteen volts was used for the reverse bias. A
modelocked dye laser was used for the pump-probe testing which had a repetition rate of
82 MHz at a tunable wavelength near 850 rum and a pulse duration of 2 picoseconds. The
experimental results for three different values of the probe energy are shown in figure 2.
In these curves the pump and probe are overlapped at T=15 psec which indicates that
the transport time (time to maximum voltage change) is 35 picosecond while the diffusion
time is near 60 picoseconds. The energy in the pump pulse is 80 femtoJoules focussed
to a 1.5 pm l/e focal spot diameter. The change in transmission of the device was 20%
which was less than expected. The reason for this is that diffusive conduction in the P
and N regions is considerably faster than the transport time out of the wells for the tight
focal spots used here. In the case of the 1.5 pm focal spot used here, the time to double
the electron packet diameter is only 50 femotoseconds which indicates that as soon as
the electrons escape from the quantum wells they diffuse laterally very quickly.[3] The
number of electrons and holes created can be calculated accurately using the I-V curve
data and the number created Is sufficient to provide the contrast required for switching
applications. Efforts to increase the diffusive conduction in the N and P regions are
continuing and should approach the transport times ensuring that the electron and hole
packets are maintained for a sufficient time.

The advantages of this device are many. First the area of the device is small and is
determined by the focal spot diameter of the input optical logic signal rather than on
fabrication of the device itself. It is generally easier to focus to small spots than fabricate
small ( about 1 pm) mesas. Since the energy of all optical logic devices is linearly related
f- the area nf t hae devlce. the enerav required for the device is also small. Theoretical
values show that if the diffusion constants can be reduced, the energy to switch the
device should be less than 10 femtojoules. Secondly, the device is cascadeable since
there is gain (as illustrated in figure 2) and uses the saine wavelength for both the input
and output. Since the pump and probe ae not overlapped in time, the gain is time
sequential gain. The devic,: is, therefore, a three terminal device. Thirdly the speed of
the device is less than 200 picoseconds for a complete operation allowing for operation up
to 5 GHz. The speed is given by diffusion times rather than RC time constants. Lastly the
fabrication of the device Is relatively simple involving only one large mesa to be created.
Many different spots (and .herefore logical operation sites) can be situated on the same
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Figure 2: Transmission versus time plots for three different values of the probe energy - The pump
energy is kept at 86 femtojoules.

mesa since it is the locallized electron and hole packets which provide the change in
the voltage which subsequently changes the transmission. As the electrons and holes
diffuse, however, there will be "cross-talk between the adjacent spots. If 2 pm spots are
used 20 pm apart, however, than the crosstalk betw~en two adjacent spots will be a 1%
modulation since the packets diffuse uniformly in the plane of the N and P regiols. If a
1% crosstalk is acceptable than a 100x100 array of spots could be operated on a single
2x2mm mesa.
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Optical Back Plane Interconnect (OBIT) Technology for Computers,
J. M. Hammer, David Sarnoff Research Center, CN 5300, Princeton, NJ 08543-
5300 and H. D. Hendricks, NASA Langley ResearchCenter, MS 473, Hampton VA
23665,

We describe and analyse a novel approach to implementing an
Optical Back Plane Interconnect Technology (OBIT) which is capable of optically
connecting any row of a MxN back plane array to any row of a second MxN array.
Each back plane array illustrated in Fig. 1 is formed monolithically on a wafer.
The te .hnology is based on the use of Grating-Surface-Emitting (GSE)
wavegaides [11 which are formed on a wafer containing quantum well and
separate confim.nment waveguide layers. These layers -erve a number of
functions being used for transverse guiding, gain, modulation, detection [2] and
for the the formation of wavelength tunable distributed Bragg reflector lasers.[3]
The required ridges, electrodes and other surface structures are formed
photolithographically. The GSE waveguides act as efficient antennae which
radiate light at angles selected by tuning the wavelength of the lasers. In the
receiving mode the same waveguides may be used as receiving antennae. See Fig.
2. Thus, wavelength tuning is used to direct light from each row of the
transmitting array to the desired row of the receiving array.

Using our approach it should be possible, within the present state of the
art, to have an optical backplane array with the following characteristics: Any
row of an MxN GSE array may be optically connected to any row of a second MxN
array. As an example, scanning the laser driver of a row of the transmitting
array through a wavelength range of 100 A, [3] any of 16 rows of the receiving
array can be addressed. The number of addressable rows for a 200 A scan is
plotted against the output coupling angle at the center wavelength in Fig.3.

Each monolithic array can be used as both transmitter and receiver by
switching the bias on the quantum well Switch-Detectors. Separate transmitting
and recieving structures could be provided for duplex operation. For a 32 row
device with a bit error rate of 10 9 at 100 M Hz data rate, a required laser power
of 12 mW is calculated.

This approach has the following advantages:
* Uses an optical method to overcome complexity inherent in

electronic switching for computer applications.
• Will be compact and power efficient because a complete backplane array is

formed monolithically on a chip.
• Requires only one switch decision to switch M parallel connections to

anyone of M positions.
* Can achieves a high level of performance ( 32 parallel connections to any of

32 positions with 10'9 BER at a 100 MHz data rate) with modest laser power.
Details of the theoretical calculations and some results of supporting

.e --p%3 -Me . Wi"1 U -LV- L.

[1] G.A. Evans, N. Carlson, J.M. Hammer, Optoelectronics-Devices and Technologies, 2, 363
(Dec.'87)
[2] Y. Kan, H. Nagai, M. Yamanishi, IEEE J. Quantum Electron.,QE-23, 2167 (12 Dec. 87)
[3] B. Broberg and S. Nilsson, Appl. Phys. Lett. 52, 1285 (18 April '88)
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Fig. 2. Schematic of two GSE waveguide arrays arranged with lenticular arrays
to act as transmitter and receiver for an optical back plane interconnect system.
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Fig.3 Number of addressable rows plotted against the output coupling angle
measured from the normal to the waveguide plane wheni the the wavelength is
tuned ±100o A around a center value of 0.83 gim. The GSE Waveguide grating
length D = 500 g~m, ne = 3.4 and no = I.
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Dense WDM Networks and Applications

Charles A. Brackett
Bell Communications Research

Mc~ristown, NJ 07960-1910
U.S.A.

INTRODUCTION

Wavelength-Division Multiplexing (WDM) began with the use of two-to-four wavelengths on single
fibers for the purpose of increasing the information capacity between two fixed points in a
communications network. h has evolved to experimental demonstrations of systems of up to twenty
wavelengths(') (with projections extending to hundreds and even thousands of wavelengths) in network
architectures where wavelength is used as part of the very interconnection fabric of the network. In
this paper, we will outline the types of network architectures that are evolving using dense WDM,
review some of their potential applications, summarize experimental progress, and discuss some of
the relevant technologies.

ARCHITECTURES AND APPLICATIONS

The broad goals for the application of optics to communications networks include: 1) increasing the
information bandwidth available to the user, 2) creating a service-transparent network, 3) increasing
the degree of interconnection flexibility, 4) providing relief to emerging switching bottlenecks, and 5)
reducing the cost of broadband services.

The unique properties of optical systems that contribute to these goals are:
1. The very large bandwidth of the fiber medium. The low-loss regions of the fiber transmission

spectrum provide a bandwidth of roughly 20 THz, implying a potential capacity of several Tb/s.
Utilization of such a large bandwidth would almost certainly depend on using multiwavelength
: .hniques. Such techniques were used to set the current capacity record, held by the 18-
wavelength, 36 Gb/s, LAMBDANET demonstration, which uses DFB lasers with 2 nm channel
spacings. Several experiments have demonstrated 8 - 10 wavelengths with 5 - 10 GHz spacingr.

2. Signal Orthogonality. The ease o1 producing largt numbers of wavelengths and their subsequent
independent detection, using eithei filtering 2nd direct-detection or coherent detection, means
that new network structures can be considered in which all of these signals can be made
available at each point of the network.

3. Passive Optical Components. In relative terms, botL WDM filters and broadcast-star couplers
are easy to make. Fiber stars with large dimensions have been used in eyperiments to
demonstrate the feasibility of, for example, video distribution to 2048 subscribers. 21 These
components, being passive, offer the promise of less expensive, highly reliable, local subscriber
netwcrk-, in which the trarsport portions are insensitive to the service or bit-ratc.

Two types of nwtwork architectures are evolving to the forefront of consideration: 1) Wavelength-
Division Routing networks, and 2) Broadcast-and-Select networks.

In wavelength-routing networks, the path through the network is determined by the waveleneth. with
the possibility of several sequential branch-points. Such networks can be large both in number of
terminations and in geographic size. Switching can be achieved by using wavelength- (or frequency-)
agile sources; switching sources between wavelengths redirects signals from one output port to
another. These networks feature non-blocking, single-stage switching, distributed routing, and
wavelength-addressed outputs, but do not directly permit point-to-multipoint (either multicast -or
broadcast) switchirng. Such networks have been proposed for local-loop telephony since they allow the
establishment of private channels over a shared fiber, with passive components.

In broadcast-and-select networks, the. core of the network is currently a passive broadcast fiber stir:
the signals from each input port are thus broadcast toevery otitput port sim),ultaneously. The simplest
form of such a network uses unique. fixed. wavelengths at each input. Fach-ouipitt port i.% then

86



ThE1-2

terminated in either a wavelength-selective receiver, or a WDM unit and an array of unselective
receivers. "-e availability of all network traffic at each output port gives these networks the most
complete interconnectivity possible. The passivity of the s) -: again implies that the network
intrinsically is transparent to the data and signal format. Such networks have been proposed for both
circuit and packet swilching, with a wide varitty of switch-control algorithms, supporting multicast as
well as point-to-point services. One commonly envisioned, though economically uncertain,
application, is that of broadcast video local distribution, in which the subscriber would select
channels by tuning a filter or local oscillator.

For some applications, not only the number of wavelengths and their interconnection network are
important, but also the speed with which any of the wavelengths can be accessed or changed. Video
program selection at the subscriber's terminal would require only a millisecond or so response time,
but high-speed packet-switching, for instance, would likely require switching between any two
wavelengths in a few nanoseconds [3 ].

In all of these cases, the discrete wavelengths serve to create an orthogonal set of carriers which can
be separated, routed and switched without interfering with each other. It is this use of wavelength,
and its processing in passive network elements, which distinguishes optical networks in general from
other network technologies. The use of many wavelengths for these network functions of routing,
selection and transmission-capacity enhancement is the natural exploitation of the fiber bandwidth.
The full utilization of the fiber bandwidth by time-division multiplexing would require pulse durations
on the order of femtoseconds duration in ordinary digital time division multiplexing. It would also
require sophisticated high-speed electronics and substantial power dissipation. By comparison, dense
WDM passive networks offer simple distributed-processing architectures.

THE CONTROL PROBLEM

It is common to consider only the information transport when talking about photonic switches. There
has, however, been an increasing awareness in the photonic-switching community of what has been
known for a long time in the electronic switching world: the throughput limitations of a switch are
more often determined by the information processing req;lirements than by the signal transport
technologies. This is especially true in packet switches ".nd packet networks; it is also an important
consideration in multiwavelength packet networks. [4 ]

The signal processing requirements that are an intimate part of switching are difficult to meet without
electronic conversions and electronic processing. An often-stated goal for optical switching is to
have an all-optical network, with electronic conversion only at the edges of the network. This must,
however, be regarded as a very distant goal for any large-scale switching system. In a packet switch
for example, a destination address is contained in the header. This address must be decoded and
translated to an output-port address, with the packet being stored in a buffer memory during this
header processing. There are forms of optical memory which can conceivably do this job, but not for
large switches and long memory times. For circuit switches, one can consider separate signalling
circuits, but those are normally r acket channels themselves, and even so it is a non-trivial job to
organize and synchronize the signalling and data channels, and then actually perform the switching
operation, without a buffer memory.

In view of such considerations, it is natural to pursue hybrid switches, where the digital processing is
done in electronics and the data transport is optical. When large-scale integrated optical memory
becomes available, it may be pncible to consider optical control.

RECENT RESULTS

A brief summary of network experiments and multiwavelength technology, including tunable lasers
and filters, can be found in the ECOC '88 Conference Proceedings.'l More recent results are
summarized below:

1. ECOC '88:
Several NEC papers on advances in tunable lasers reported tuning to 10 independent wavelength
channels, and the tuning of DFB-amplifier based receivers to 8 independent channels, Both
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devices were switched at high speed and were demonstrated in a space-division WDM switching
experiment. A 10-channel coherent video distribution experiment with modularly packaged laser
transmitters and automatic optical frequency locking and registration was also reported.

Bellcore presented several papers on hybrid optical packet switches with internal control and
contenion resolution, by using a broadcast star and tunable laser for the information routing,
and a tunable DFB optical amplifier for the control function. The simulated packet switfh was
used to demonstrate ins switching times between Gb/s packets. This approach uses electronics
to do the packet processing and uses optics to do the information and control signal transport.

Also presented was a demonstration of 20 wavelength simultaneous amplification in a laser
amplifier, achieving 6 - 9 dB gain with no measurable crosstalk penalty, and an experiment using
tunable etalons to perform the tunable receiver function in a multiwavelength video distribution
system, showing 16 wavelengths at 600 Mb/s to 64 customer terminals, and at 2 Gb/s !o 16
terminals.

2. GLOBECOM '88:
An NEC paper [paper 29.2] presented several switch proposals with a multiplicity of wavelength
and time division multiplexed switching. Switches both with and without wavelength conversion
were examined, and application to Broadband ISDN switching systems was proposed.

3. OFC'89:
Bellcore [papers ThG3, ThB3] introduced the use of both bulk and integrated acousto-optic
tunable filters in WDM networks. rhese devices can select any wavelength on a fiber, tuning
over virtually the entire 1.3 and 1.5 pm transmission bands, with switching times of a few ps and
resolutions as good as 1 nm. A single filter can simultaneously select multiple wavelengths. The
integrated (LiNbO3) device required as little as 100 mW of rf drive power. They had previously
demonstrated the use of the same fi,ter to make an electronically tunable external cavity laser
with an 83 nm tuning range with 3jus tuning speed.[6

CONCLUSIONS

A wide variety of applications all point to an increasing importance for dense WDM networks, where
the wavelength becomes a part of the interconnection and switching fabric. Such systems may
employ either direct or coherent detection. Their real significance lies in the fuller use of the fiber
bandwidth potential to expand the network function.
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High-Speed Hitless Switching Using Ti:LiNbO3

J.R. Erickson R.F. Huisman K.D. Major* R.A. Nordin R.S. Veach

AT&T Bell Laboratories, 200 Park Plaza, Naperville, II., 60566

1. INTRODUCTION

In designing switching systems with Ti:LiNbO3, one faces a dichotomy: couplers may be
long with low voltage requirements and fast switching speed; or they may be short with
higher integration but slower switching speed.

Modulators in Ti:LiNbO 3 have reached 40 GHz and time-division multiplexing at 16 Gb/s
has been shown Ell [2. These high-speed experiments used discrete modulators and switches
with lengths > 1 cm and terminated traveling-wave electrodes. This combination of low
voltage and careful electrical design allows switching speeds that can accommodate the needs
of future multigigabit systems.

Using current device design constraints and moderate power budgets, architectures have been
proposed for building Ti:LiNbO3 switches with 32 inputs and 32 outputsM31 [4], with possible
extensions to 512x512. Characteristics of proposed architectures include a range of blocking
probabilities and signal-to-crosstalk ratio (SXR) alternatives broad enough to accommodate
the connection and performance needs of most applications. In growing to architectures of
these dimensions, however, individual coupler length shortens and switching speed slows.
Power dissipation makes it unlikely we will have a substrate with 20 high-speed couplers at
15 volts, each with terminated transmission-line electrodes.

This paper proposes a marriage of long high-speed switches with slower more complex
arrays to achieve a high-speed hitless switching system.

2. BANK SWITCHING

In bank switching, the input data stream is demultiplexed by high-speed traveling-wave-
electrode switches. Each of the two demultiplexed streams is fed to one of two switching
fabrics (see Figure 1). After switching and exiting the fabrics, the data streams are
recombined into a contiguous stream. This approach allows us to relax the switching speed
requirements on the large arrays at the expense of duplicating the fabric. Let: R = the data
rate in bits per second, W = bits per word, TR = 1R = bit period in seconds, Tw = WIR =
word period in seconds, and X = fraction of a bit time allowed for bank switching. Then the
settling tine for the high-speed bank switches is X TR and the settling time for the switch
arrays is Tw-X .TR. If W = 1 the switch array must reconfigure in a single bit time, but if W
= 8 __ in the SONET standard hat is gaining wide acceptance, the s,,witching fabrics hawe
approximately 8 bit times tc itconfigure. Larger W relaxes the speed requirement on the

* Now at University of Pennsylvamia, Philadelphia, 19104
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Figure 1. Bank Switching of a Byte-Multiplexed Format

switch fabric.

The switching speed required of the bank switches depends on the data coding. For Non-
Return-to-Zero coding X must be small; for Return-to-Zero (RZ) coding, X = 0.5. A RZ,
byte-multiplexed data stream at 2 Gb/s requires the high-speed bank switches to settle in 259
ps and the fabric switches to settle in 3.75 ns; with careful electrical design, both
requirements can be met.

Since we are using the switching network as a time-multiplexed switch, the fabric need only
be rearrangeably non-blocking and we can take advantage of the high SXR provided by tle
dilated networks proposed by Padmanabhan and Netravalif4 .

Synchronization is a critical issue. Any two paths through the fabrics must be of equal length
so that the final outgoing bitstream is contiguous. The high-speed switches musbe phase

synchronous with the data and must be driven by a square wave of R /(2W) Hz. The fabrics
can be driven with sequences derived from the R 1W clock. Permutation decisions and routing
must be pipelined.

3. BANK SWITCHING EXPERIMENT

An experiment to show feasibility of this bank switching approach is show in Figure 2.

3.1 Experimental Setup

The switching fabric used is a 4x4 Passive Splitter/Active Combiner (PSAC) switch that has
lossy tranmission line electrodes. Fabric A is represented by switch 5 and fabric B by switch
8. These couplers are characteristic of the designs used in larger fabrics. To simplify the
experiment, we use an electronic, input bank switch made from commercial gallium arsenide
and a passive fused-fiber coupler in place of the output switch. The clock/8 output from the
BER generator feeds the logic which drives the switches. Clock/16 drives the input
demultiplexer such that every other byte goes to the stne fabric.
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Figure 2. Bank Switching Experiment for Byte-Multiplexed Data

32 Experiment Scenario

A repetitive 8-bit pattern from the BER transmitter is sent to the 1:2 demux. One of each of
the dernultiplexed streams is delayed to uncorrelate it from the other bitstream. Each of the
two bitstreams drives two lasers and each laser output is sent to the fabric. The high-speed
bank switch alternates between Path A and Path B in Figure 2. Each path is switched as

necessary to construct a consistent 24-bit pattern after the bitstreams from the two fabrics are
coalesced. This consistent 24-bit pattern is then converted to electrical, amplified and fed to
the BER receiver. Bit-error-rate testing at a data rate of 622 Mb/s on a byte-multiplexed
stream yields an error rate of- 3-11 at -34 dBm received power.
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An Experimental Modular Switching System with a

Time-Multiplexed Photonic Center-Stage
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SUMMARY

This Experimental System supports N switching modules, interconnected by an N-by-N central

network. Each module connects to the center-stage by a one-way single-mode optical fiber up-link and

down-link. The implementation is electronic from each module outward toward its users and is photonic

from the links inward toward, and including, th; lithium niobate center-stage. Figure I reflects the

current state of this prototype; with only 2 modules, although the center-stage is 8-by-8.

Switching is classical time-space-time, where the modules perform the time-division multiplexing. The

center-stage is a time-multiplexed space switch, that connects N up-links to N down-links in parallel,

reconfiguring for every time-slot in a pattern that cycles every frame. For example, in a telephone

switching environment, a module with 256 time-slots could serve about one thousand users with an

acceptably small probability of blocking. Then, with a 64-by-64 time-multiplexed center-stage, the total

system with 64 modules could serve over 60,000 users, comparable to a large telephone switching office.

Since users are spatially concentrated by time-multiplexing in modules, the spatial central network is

small. However, the data rate on the links must support the active user's data rate times the

multipiexing factor. While a small switching netvork supports a large system, it must be capable of

extremely high throughput. But its switching speed need not be high because the network is

reconfigured at the time-slot rate, not the bit rate. Requirements of small size, high throughput, and

modest switching speed match well with lithium niobate technology. Furthermore, the overall system

allows that the data rate may be non-uniform from one time-slot to the next. Changes in this rate, by

simply replacing the transmitters and receivers in a link interface, do not affect the center-stage.
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A Time-Division Multiplexing Module is implemented with a commercial private branch exchange

(PBX). This PBX's back-plane is time-multiplexed into 256 time-slots in 8000 frames per second. In

the prototype, frame and time-slot in all modules are synchmonized together and with the center-stage.

An added Link Interface, in Figure 1, translates this parallel electronic back-plane with the serial opticl

up- and down-links. At 180 Mbps, an 8-bit word occupies a small part of a 488-ns time-slot. A

telephone conversation, between TI and 12, has been successful.

Similar boards, represented by "other e/o" in Figure 1, provide communications for 88 Mbps

uncompressed digital video, in only 18 time-slots, by using 1.5 Gbps within these time-slots. These

high-rate time-slots are interspersed with the conventional time-slots. In each module, the fibers from

these boards are passively combined to the single up-link and down-link. Such calls are set-up by

slightly modified existing software in the modules.

The Photonic Time-Multiplexed Center-Stage is an 8-by-8 Dilated Benes Network, 11 containing 48

directional couplers on two butt-coupled chips of Lithium Niobate.[21 The 48 electronic driver circuits(31

reconfigure the network in 5 ns at the beginning of every time-slot, well before the bits in the middle of

the time-slot arrive at the switch. These bits may be an 8-bit audio sample or data parket at 180 Mbps

or they may be several hundred bits at 1.5 Gbps; it doesn't matter to the network.

With only 2 modules now, the current center-stage has two configurations and the control processor is

simple. This controller will become more complex as the experimental system expands toward N=8

modules in the future. While control of this network is centralized, overall call proces.ing control is

distributed.
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EXTENDIBLE OPTICAL INTERCONNECTION NETWORK.

D.W. Smith, P. Healey, S.A. Cassidy.

Department RT214, British Telecom Research Laboratories,
Martlesham Heath, Ipswich, UK., IP5 7RE.

Abstract:

This paper describes a new form of non-blocking extendivle multi-stage
optical interconnection network that combines one, two, or more degrees of

switching freedom via access to a common multiple access bus. The common

bus is capable of exploiting the spatial, spectral, and temporal
multiplexing powers of optics, significantly reducing the number of
physical interconnections required.

Introduction:

Photonics technology could play a significant role in future
telecommunications and computer switching systems. Cvrrently, the route

ahead for large optical switching machines appears tortuous because of the
unrealistic demands that must be made on the optical technology. In this
paper a new approach is presented that could allow very large switches (eg
10000 x 10000) to be realised without any major technology breakthioughs.

The basic idea is to employ a hierarchical set of multiple access (MA)
techniques (such as space 'S', frequency/wavelength 'F', time 'T', code
'C', ... etc) in such a way that each interconnect circuit is identified by
a unique combination of channels from this set. The channels may be
selected on a pre-assigned or demand assignment basis. The total number of

interconnects is given by the product of the number of channels in each
member of the MA set. For example, a MA set comprising (S,F,T)
multiplexing, each with a dimension of 100 channels, corresponds to an
interconnect power of 106.

The main advantages of this new approach to interconnection network design
are:-

* It allows many of the developing photonics switching technologies,

which by themselves offer limited switch size, to be combined in the
realisation of very large interconnection networks.

* A bus architecture can be used to greatly simplify the practicable
network implementation, whilst also offering extendible growth.

Architecture:

The architecture (Figure 1) is based on a multiple, multiplexed, bus
approach. One parallel bus carries the multiplexed messages whilst a
second bus carries the multiple access channel references. An
interconnection path is es,.ablished by selecting one channel from each of
the multiple access reference buses, performing the channel product (eg,
multiplying a selected frequency carrier by a selected time slot),
modulating the resulting carrier by the message information, and then
connecting the result to the selected space channel on the message bus.
Thus, each space channel conveys a multiplex hierarchy of messages. In

order to select a particular channel from the bus, the receiver effectively
?peels' off the multiplexing layers by first selecting the appropriate
space channel, followed by the remaining de-multiplexing steps. To

simplify this operation, the receiver also has access to the MA referencing
channels via the common bus. Numerous channel allocation techniques can be
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used, however, for brevity we will only describe a pre-assigned
transmission channel approach using space and frequency (S,F) MA.

Figure 2 shows an example of a pre-assigned transmission channel (S,F)
network architecture. Each input node is arranged to modulate a pre-
assigned optical frequency from a multiplex of M frequency references.
Each modulated optical carrier is then connected to one of N spatial paths
on the common message bus. The message bus is connected, by power sharing,
to all of the output selector switches. Connections are established by
combinations of space switching and frequency tuning at each of the
receivers Thus, each receiver has access to all NxM input nodes. Tunable
optical receivers could be built using adjustable filters in front of the
detector. However, a much more elegant technique in this instance is to
use optical heterodyne detection. Optical heterodyne detection is
relatively straightforward when all frequency sources are available on the
reference bus. In this example, the interconnect path is chosen by the
receiver selecting both the appropriate spatial path from the signal bus,
and the appropriate local-)scillator (LO) path from the reference bus.
Practicably, M and N may be limited to about 100 channels, but, combined in
this way we can achieve a 10000xlOOOO switching network.

The number of crosspoints used in this network is considerably less than a
simple single-stage network and yet, unlike the more complex multistage
networks such as Clos, this network is very simple to extend. Power loss
due to signal distribution via the bus could be compensated by suitable
optical amplifiers.

The space switches could be based on a number of technologies, such as
Lithium Niobate [1], Fibre switches [2], and Beem steering switches [3].
And numerous techniques for the stable generation of optical frequencies
are known [41.

Discussion and Conclusions:

A new bus oriented, hierarchical multiple access, optical interconnection
network has been described that allows many optical switching techniques ".o
be combined into a single, extendible architecture. The number of
switchable data paths grows as the power of the. number of MA techniques,
thus, rapidly yielding very large connectivity. Latest progress in
demonstrating this concept in the laboratory will be presented at the
meeting.
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AN EXPERIMENT ON PHOTONIC WAVELENGTH-JIVISION AND TTIE.-DIVISION
HYBRID SWITCHING
M. Nishio S. Suzuki N. Shimosaka* T. Numai*
T. Miyakawa* M. Fujiwara* M. Itohf*
C&C Systems *Opto-Electronics **R&D Planning ex.d
Res. Labs. Res. Labs. Technical Serv~ie Div.
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1. Introduction Photonic wavelength-division and time-division (WD&TD) hybrid
switching networks[l) can achieve large multiplexity, which is gi.ven by the
product of individual wavelength-division and time-division multiplexities,
and is expected to be suitable for large line capacity broadband switching
systems. In these networks, fast wavelength tuning of both tunable filters and
tunable laser diodes is necessary. Recently, measurements on the fast-tuning
properties between two wavelength optical signals of tunable filters and
tunable laser diodes have been reported[2],[3]. This paper describes an
experiment on the fast tuning of filters and laser diodes among 4 of the 8
wavelength optical signals for the application of WD&TD switching with 32
total multiplexity of 100-Mbps signals.

2. WD&TD hybrid switching system Figure 1 shows the WD&TD hybrid switching
system block diagram. In WD&TD multiplexer, nxm-channel input signals are WD
(wavelength;A -A n) & TD (time-slot Ti-Tm) multiplexed and multiplexed optical
signals are led to the wavelength and time (W&T) hybrid switch. In W&T hybrid
switch, WD&TD multiplexed optical signals are split and parts are led to
individual wavelength tunable filters, each of which extracts a specific
wavelength signal from the input signal. This selected wavelength may change
every time-slot. The output signal from the tunable filter is then converted
to an electronic signal and the electronic signal is applied to an electronic
time switch (T switch), which interchanges time-slots on the input line. An
electronic T switch output signal is sent to a tunable electronic-optical
converter, which contains a tunable laser diode and changes its wavelength
every time-slot. Finally, tunable electronic-optical converter output signals
are combined to form a W&T hybrid switch output signal. Employment of
electronic T switch is the most practical way. With future progress in
photonic TD switching technology, photonic T switch will be used in the W&T
hybr.d switch. The WD&TD demultiplexer separates the W&T hybrid switch output
signal into nxm-channel output signals. The W&T hybrid switch can exchange
among arbitrary wavelengths and arbitrary time-slots. As a result, this system
has nxm-multiplexity. In addition, large line capacity can be obtained by
fabricating multi-stage switching network. For an example, 1024-line capacity
can be achieved using a three-stage network with 32-multiplexity W&T hybrid
switch.

3. Experiment Recently, 8 WD channel selectivity with 6-R tuning range has
been demonstrated[4] using a phase-shift-controllable DFB LD filter[5]. Phase-
shift-controllable DFB LD can also be used as a light source with 6-9 tuning
range. Therefore, 8 WD multiplexity can be obtained usng the phase-shift-
controllable DFB LD as a tunable filter and light source in the WD&TD
switching network. The wavelength tuning time for this device is several
nanosecons. To achieve some TD multiplexity for broadband signals, such as
100-Mbps signals, using this device, a byte-interleaved form, which can
insert guard-time between time-slota, is effective. In order to confirm the
feasibility of 8 WD and 4 TD hybrid switching network, whose total
multiplexity reaches 32 for 100-Mbps signals, fast wavelength tuning
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experiment was performed. Experimental setup for wavelength fast tuning of
tunable filter is shown in Fig. 2. The phase-shift-controllable DFB LD filter
used for this experiment has constant 12-dB gain and constant 0.25-K 3dB down
bandwidth over 6-R wavelength turing range with 0.8-K wavelength separation,
by controlling active section current Ia and phase control current Ip. Four
100-Mbps electronic input signals were TD-multiplexed in a byte-interleaved
form with 6.7-nsec guard time between adjacent channels, during which tunable
filter executes wavelength switching. Consequently, total bit rate reaches
600-Mbps. Output lights from laser diodes, whose wavelengths are :AI, A2,
A3 and a8, were combined and led to a modulator. The WD multiplexed light
was intensity-modulated according to the 600-Mbps signal from TD multiplexer
by using a LiNbO modulator. The WD&TD multiplexed optical signal, as shown in
Fig. 3(a), was ten applied to the tunable filter. The signal selected by the
tunable filter was converted to electronic signal and led to TD demultiplexer.
The wavelength selected by the tunable filter, biased at Ia=0.98Ith, was
switched sequentially from A I to A 8 according to Ia and Ip as shown in Fig.
3(b). As a result, the wavelength a!, A2, x3 and a8 signals were
sequentially selected at individual time-slots within 6.7-nsec guard-time as
shown in Fig. 3(c). The chanel bit error rate was measured at every
wavelength signals and BER<10- for the TD demultiplexer output signal was
obtained fo' -28dBm filter input power.

Experimental setup for wavelength fast tuning of tunable laser diode is
shown in Fig. 4. The light from tunable laser diode is intensity-modulated
according to the electronic signal from TD multiplexer, whose output is
supposed to that of a electronic T switch in Fig. 1. 6.7-nsec guard-time was
also set for wavelength switching of tunable laser diode. Wavelength of
tunable laser diode was changed sequentially from Al to ? 8, as shown in
Fig. 5(a). The WD&TD multiplexed optical signal was applied to fixed filter.
Therefore, the output signal waveforms of fixed filter at Al, A2, A3 and A8
are shown in Fig. 5(b),(c),(d) and (e), respectively. BER<10 -e for the TD
demultiplexer output signal was also obtained for -28dBm fixed filter input
power.

4. Conclusion The fast wavelength tuning operation of a filter and a laser
diode, among 4 of the 8 wavelength optical signals, within 6.7-nsec guard-time
has been confirmed. These results show the feasibility of 8-WD and 4-TD
hybrid switching for 100-Mbps signals.

Reference
[I]S. Suzuki et al., to be presented at GCOM'88, 29-2 [23M. P. Vecchi et al,
ECOC'88 partl 247 [3)M. S. Goodman et al., ECOC'88 partl 255 [4)M. Nishio et
al., ECOC'88 part2 49 [51T. Numai et al., ECOC'88 partl 243
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Passive spectral commutator and the architectures of usual and

optical nets

E.M. Dianov, A.A. Kuznetsov, S.M. Nefjodov, G.G. Voevodkin

Academy of Sciencies of the USSR

General Physics Instit ce

Vavilov street, 38 117942 Moscow, USSR

We have proposed and realized passive spectral commutator
1

(PSC) . PSC is like to spectral demultiplexer for opti,.al WDM

links. Practically, usual WDM demultiplexer works as PSC, when

the abonents, united by this demultiplexer, changes their

communication wavelengthes.

The architectures of optical nets with PSC may be divided

in two classes: the first architecture with .unable wavelength

of each abonent and the second architecture with some standard

wavelength. Let us begin from the first architecture.

In the optical net with tunable communication wavelength

the output ends of the each abonent fiber are united in fiber

arrow in PSO (Fig. 1). So, in this architecture all individual

fibers from abonents must reach PSC. As a matter of fact, star

architecture is necesspry.

PSC working in such star architecture is absolvtely passive

and photonic namely. Initial knowledge in optics is enough to

understand, that abonen* i (Fig. 1) by tuning his waveiength 6an

call abonent k. Due to ray reversal principle, this communication

at the same wavelength ie mutual for abonents i and k. The other

wavelengthes will provide the talking with the other abonents.
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Many simultaneous wavelengthes from one abonent will provide

group talking. "White light" makes possible "general conferencet

talking.

It is very interesting, that single wavelength simultaneoAiy

provides the talkings between the different abonent pairs (up to

N/2 pairs, where N - the number of the abonents). Such situation

is impossible in similar radiotechnical commutator, as in optics

only it is possible to localize exactly the energy from fiber i

on the receiving face of fiber k.

We have described the details of PSC working earlier1 . For

all possible pair contacts between N abonents 2N wavelengthes

are necessary. Full spectral range is then 6A = 2dN/FG, where

d - fiber diameter, F - objective focal length, G - grating lines

number per millimeter. The first experimental abonent net may be

projected for 100 abonents. If d = 100 /M1m, F = 50 mm and G = 600
-1

mm , the net will use the spectral range about of 600 nm (for

example, in the region 0.8 - 1.4 /4m). PSC parameters are like

to demulteplexer parameters in WDM systems: cross-talking

(optical power) about of -20...-30 dB, the losses in PSC at the

connection of one abonent pair must be equal tc 2 - 3 dB.

Nowadays many different spectral demultiplexers are known, and

practically the each of them can be used as PSC. PSC are

realizable on the base of integrated optics or as glass-block

The advantages of our passive spectral commutator are the

next:

simple passive channel commutation;
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- the possibility of fabrication of PSC as monolithic (or

integrated) glass block;

- the absence of moving elements and control voltages;

- the absence of power supply;

- small switching time (the time of beam run between two

fibers in PSC - less than 1 ns).

These advantages of PSC are impressive enough to try to use

PSC in any net architectures (not only in previously described

one). Such use is possible in usual wire nets and in optical nets

with standard single communication wavelength. But PSC must be

complicated: at --s periphery at the each fiber input (Fig. 1),

correspondir,- tc concrete abonent, the tunable lasers must be

placed (Fig. 2!. Information signal from the each abonent must

change the laser wavelength, id est the address. Of course, star

architecture is preferable again (fr both electrical and optical

nets). For other architectures it is possible to install special

electronic block, which must distribute the signal from concrete

abonent (information and control signal for laser) to correspon=

ding laser at the periphery of PSC.

Thus, in principle the different architectures of usual and

optical nets with passive spectral commutators are possible. The

most real architecture is star optical one with tunable abonent

transmitter. Less practical, but yet real architectures are star

wiru nieL and star optical net wit sth - A ..... A T to

case "mini-star" is necessary around PSC with controlled tunable

lasers at its ends. The other architectures, unfortunately, are

more speculative, than real.
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Optical star-type net with PSC seems us as the interesting,

simple and useful abonent net with pure photonic switching inside

PSC. We suppose, that such net will be realized for some special

applications.

1. G.G. Voevodkin, A.A. Kuznetsov, S.M. Nefjodov. Passive

optical cmmutator for optical fiber abonent net with spectral

multiplexing. - Radiotechnika, 1988, No. 7, p. 65-67.

K

Fig. 1. Passive spectral commutator for star optical net with
tunable abonent transmitters.

2los
4DPSC

Fig. 2. Mini-star commutator structure with PSC inside for
different architectures of usual and optical nets.
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OPTICAL PROCESSING IN PHOTONIC SWITCHING SYSTEMS

Ikutaro KOBAYASHI
NTT Communication Switching Laboratories
3-9-11 Midori-cho Musashino-shi 180 JAPAN

BACKGROUND
Communications switching systems originated with electri-

cally controlled mechanical switches, which formed a unique path
determined by the number dialed. In response to the need for
alternative paths, wired logic control and then stored program
control were introduced. Later, the application of time-
division-multiplexed transmission required the replacement of
the sophisticated mechanical cross-bar switches with time-
division switches.

Many structural changes were in'.itiated by new demands and
realized with new technology. Recently, the advanced features of
optical technologies are expected to initiate the next genera-
tion of communication switching systems. These features include
a proven immunity to induction, potential advantages of the
optical frequency domain, and expected switching speeds superior
to electrical switches. Of these features, the first is ready
for practical use, the second can be demonstrated experimen-
tally(l), and the third is currently under discussion(2).

DOES SWITCHING NEED OPTICI." PROCESSING?
Optical switches are suitable for high-speed signals

because of their immunity to induction and their wide-bandwidth
channels. However, their matrix size has not yet reached ten
ports, and for time- and frequency-division systems, the avail-
able number of optically-multiplexed channels is also less then
ten. Therefore, scale-up is the main problem to be overcome
before optical switching can be used commercially (Fig.1).

Practical NUMBER OF
sys tems need TERMINALS
about 1,000
channels for ............

multiplexing. "AS
This number PRACTICAL 1000 -ti*9Cf.,AL'") I RODUCTfON
has been USE U.....GE
realized in
current.T
electronic 100 - ELECTRICAL
time-division PBX-SALE SPEED LIMIT

switching
systems for 10 ... ..........

low-speed THE STATE OF THE ART
channels, but ......
is not yet CHANNEL
available for I IM t IG SPEED
hgh-speed [TELEPHONE] (TV-PHONE) [HD-TV)channels.
Optical Figure 1 TARGET FOR
switches can PRACTICAL SWITCHING SYSTEMS
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play an important role for high-speed-channel switching when the
switches are scaled up to provide several tens of ports. For
practical use, new technology, such as optical parallel
processing, will be required to deal with many high-speed
channels by compact detection/control circuits which match the
switch structure and size.

For further extention to higher-speed switching, optically-
-controlled photonic switches are promising becarse they are not
limited by the speed of electrical driving circuits. These
switches woule require high-speed optical logic circuits to
drive themselves.

After such trial small-scale introductions, optical process-
ing and logic circuits will gradually become popular and will
trigger a basic structural change in communication switching
systems. In the future, optical switching and processing will
be integrated, and in time, their boundaries will vanish.

WHEN WILL IT BE NECESSARY?
In the next several years, the optical-switch advantages of

immunity to induction and wide-bandwith of channels, will be
applied to small, wideband PBX. Thi3 system, however, does not
yet need optical processing because it requires only primitive
optical switches, and has the same st.ructure as the current
system.

When an optical switch is scaled up, it will first be
tested in a wideband multimedia swiLching system connected by
light FDM over a fiber loop to each subscriber. To directly
deal with light FDM signals, frequency-division switching will
be required, and optical processing will be partially applied to
the control circuits. This will hopefully be implemented by the
end of 20th century.

Although not currently necessary, in the future, the
advantages of optical logic and processing, such as high-speed,
parallelism and immunity to induction, will be essential.
Therefore, at the beginning of the 21st century, optical tech-
nologies will become the dominant part of systems, forcing
changes in system structure.

WHAT FUNCTIONS ARE REQUIRED FOR OPTICAL PROCESSING?
The future functions of optical processing for communica-

tion switching systems are difficult to determine precisely.
Within the frame work of the macro-trend toward parallel pro-
cessing, which is response to the scale-up of switch size, the
optical control of high-speed photonic switching and the inte-
gration of switching and control are areas, that could be
targeted for future research.

Taking advantage of immunity, one impressive target would
be for functional devices to be implemented in a size comparable
to f4er-bu Ala diameter. A simple example of this would be a
concentrator, which picks up all live lines among input lines
and connects them to output lines. When live lines change, it
must be assumed that they are also connected to output lines.
The concentrator would have three essential functions: detecting
the light-signal level, shifting the light-signal position, and
connecting the light-signal to output fibers, the required
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number of which is only a small percentage of the number of
input fibers. Other examples would include the functions of call
detection, switch control, etc..

The optical frequency domain will provide an opportunity to
create new functions such as multiplexing of a large number of
channels, new addressing methods, and new network structures,
etc.. The essential components for these functions are frequency
convertors, tunable frequency selectors and combiners. Each of
these components have been realized experimentally but have not
been merged into a single functional device that detects,
re-allocates, and generates a set of signals in the optical
frequency domain. Also, there are still no proposals for fre-
quency-switching devices.

In addition to assembling integrated optical function
devices, many essential optical circuits like oscillators,
invertors, shift-registers, and synchronization circuits need to
be developed. Also, to fully utilize high-speed switching, it is
necessary to provide control circuits based on optical logic.
One significant step has been made in this area so far. The
operation of optical invertors, synchronization circuits,
optical intensity oscillators(3), and shift registers(4) using
laser-diodes has been demonstrated. With progress in optical
logic devices and circuits, for example, a packet-switching
circuit applicable to ATM switches will be designed using
fully-optic components.

CONCLUSION
In optical logic and processing, speed is currently limited

by electrical driving circuits, and optical interconnection
stands as a big barrier to parallel processing. The optical
switching field can offer some clues for overcoming these
difficulties by providing simple examples applicable to
near-future systems.

For interconnection, a hologram technique provides a method
of uniformly converting an image when a particular rule, like
Fourier Transform, is applied. It is, however, difficult to make
up particular-pattern connections between images or signal sets,
although these connections are required in practical systems.
Optical switching offers useful and functionally simple examples,
for example, a concentrator consisting of simple position
shiftors.

In summary, the optical switching field can be very helpful
in stimulating the evolution of optical processing. In addition,
new challenges are developing in the use of the optical frequency
domain, which will lead to the creation of new functional
devices.
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OPTICAL TECHNOLOGY APPLICATIONS TO FAST PACKET SWITCHING
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1. INTRODUCTION

Fast Packet Switching (FPS) techniques can be applied to switch
voice, data and video in an ATM network; information is packetized
and each packet is assigned a label to route it through the network;
layered semplified protocols are required to perform high speed.
Many resources are devoted at present to FPS techniques and it is
reasonable that, when the optical technology is mature, it will have
to face with an ATM network. In this wake it is analyzed the
utilization of the optical technology to realize an optical
switching fabric in an FPS node.

2. OPTICAL FABRIC SWITCHING DELAY

In order to evaluate the maximum switching delay of the optical
fabric, we will refer to the network model shown in figure 1.

t tmux ttdmux
P t t s ts t

LSL &HSL SLL
LE: TE TE L u em

t. - ts ts ts  ts  t
tdmux Stmu p

LSL= Low Speed Links T8 = Trunk Exchange Term. = Terminal capable of generating
HSL= High Speed Links LE = Local Exchange packetized information

Fig. 1: FPS Network Model

Referring to this model, the total packet delay can be expressed as:
Td - Tp + Tmux + N*Ts + Tdmux + Tdp + Ttras

where Tp is t'i packetization delay, Tmux is the delay introduced by
the queues kJ the multiplexer, Tdmux is the delay introduced by the
demultiplexer, N*Ts is the delay introduced by N exchanges in a
terminal-to-terminal path, Tdp is the delay introduced at the
receiving terminal and Ttras is the propagation delay. Assuming a
minimum packetization bit rate of 128 Kbit/s at terminal level, a
speed of 2048 Kbit/s over the low speed links, a speed of 600 Mbit/s
over the high speed links, a maximum MUX concentration ratio of
Cmux-300 and a packet length Lp-2048 bit, we have: Tp-16ms,
Tmux-lms+3.4us*300-2ms. With N-15, Ttras-50ns (5 ns/m for 10000
Km), Tdp-0, Td-90ms, we obtain a maximum acceptable switching delay
Ts-1.4ms.

3. OPTICAL FABRIC THROUGHPUT EVALUATION

To evaluate the throughput of the optical fabric, the following
hypothesis are made:
- Services like videoconference, bulk data transmission etc.,
characterized by 2048 bit length packets, are handled by the optical
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fabric; services like telephony and signalling, which require short
packets are electrically handled.
- A local exchange is able to serve 40000 users in the average; 25%
of the users generate packetized information traffic of 60 packet/s
per user and are connected to MUXs.
With these hypothesis, and assuming a conventional traffic share
between local and trunks exchanges, it can be shown that an optical
fabric in a local exchange should be capable of switching 1.08
Mpacket/s, whereas an optical fabric in a trunk exchange should be
capable of handling up to 1.5 Mpacket/s
Note that diffusive services traffic is supposed to be carried by a
separate network and directly conveyed into the local exchanges'
distribution network.

4. OPTICAL FABRIC CONTROL STRUCTURE

An hybrid solution with electrical control and optical switching
seems the more realistic for the near future (see [1]). The control
structure of the optical fabric can be centralized or distributed.
A fully distributed optical structure would require optical input
processors which, at present, are impossible to implement:
therefore we will consider a distributed structure, with optical
buffers, electrical input processors and two matrixes having the
same structure, one electrical and one optical, as shown in figure 2
(patent pending).

e C Optical

Fig. 2: Distributed Control Structure

5. OPTICA" MATRIX SETTING TIME AND DIMENSION EVALUATION

To evaluate the optical matrix setting time an optical fabric with
synchronous strategy is considered. Figure 3 shows the switching
matrix operation time diagram. We suppose that the optical matrix
is based on a structure of s stages with self-routing capacity [2]
and that the speed of the optical network is k times faster than theelectrical one. Teset is the time spent setting the electrical

network; the packets which succeed in coming out of the electrical
network cause the transmission of acknowledge packets, which reach
the input lines after a time Tack. During Tack also the optical
network is set; this means that optical switching elements with a
setting time Todet =< Tack are required. After input lines
acknowledgement, the information packet is sent through the optical
network in a time equal to Ttrasf. Assuming an electrical network
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bit rate of 20 Mbit/s, an optical network bit rate of 600 Hbit/s, a
packet length of 2048 bit, a packet header length of 32 bit, an
electrical acknowledge packet length of 4 bit and operating in
condition of low traffic (R-0.2 E), the network dimension, the
network cycle and the optical matrix setting time versus the number
of stages for different network topologies are obtained and shown in
table 1. The same table shows also the applicability field of some
of the most promising network topologies for optical switching.

Network Cycle TNC T TO. r

(AS) (PIS)
TE.Sr TACK 6 43 5.8 0.5 Delta

El. Network T i - 0 46 6.2 0.7

Opt. Network .STTTASF 30 62 8.2 1.7 Bitonic

50 76 10.2 2.7 +

100 114 15.2 5.2 Ome g a

TNC: network cycle (maximum admitted) 150 151 20.2 7.7 I Shimoe
T :optical matrix setting time I

OSET (maximum admitted) 200 189 25.2 10.2
250 226 30.2 12.7

Fig. 3: Switching Matrix 300 264 35.2 15.2 1
Operation Time Diagram Table 1: N, T NC T OSETversus a

6. INPUT BUFFER EVALUATION

In order to have fully optical paths, optical buffers are considered
in the switching model; as they are at present impossible to
implement, they can be substituted for practical implementation with
electrical ones, without affacting the model validity. The optical
input buffer length can be estimated using the model proposed by Hui
et al. [3], for non-blocking networks (e.g. Shimoe network or a
sorting network followed by a Delta network) and random traffic
conditions. Assuming a traffic of 0.2 E and a buffer overflow
probability P(loss) < 10.E-6, we obtain an (optical) memory amount
varying from 250 up to 3000 Kbit according to the network dimension.

7. FINAL REMARKS AND CONCLUSION

The basic idea followed in the electro-optical switching node model
design is that, in order to accelerate the introduction of optical
technology in the existing telecommunication network, an add-on
strategy is required. Further studies have to be made on packet
synchronization and packet header structire, on buffer dimension and
blocking probability using simulation programs, as well as on
detailed design of the controlling electrical architecture.

8. REFERENCES

[1] A.de Bosio, F.Melindo, Topical Meeting on Photonic Switching,
Lake Tahoe, Mar. 1987.

[2] S.Thanawastien , IEEE Trans. on Comp., Vol C-30 N.8, Aug.1981
[3] J.Hui et al., IEEE JSAC, Vol.SAC-5, Oct. 1987.

I1I1



FA3-1

PHOTONIC PACKET SVITCH USING OPTICAL BUFFER NIORIES

S. Suzuki, H. Suzuki, K. Kasahara , M. Fujiwara and T. Takeuchi

C & C Systems Res. Labs. 'Opto-Electronics Res. Labs.

NEC Corporation. 4-1-1 Miyazaki, Miyamae-ku, Kawasaki, 213 JAPAN

1. Introduction A packet switch, which can handle wide-bitrate-range data
streams in an integrated manner, is expected to play an important role in
future broadband networks. Although introduction of photonic technology to
very high-speed packet switches has recently been proposed 1,2, these packet
switches employ the photonic technology only in routing fabrics. The switches
use electronic buffer memories, speed and density limit of which restrict
packet switch performance. This paper proposes fully photonic packet switches
using two kinds of optical buffer memories, which have potential of achieving
higher performance than that of electronic buffer memories.

2. Photon'o packet switch using fiber loop buffer memory The packet switch
needs large amount of buffer memory to store many packet cells. Optical fiber
delay line memories can store such extremely high-speed optical signals as 10-
Gbps signals. However, because of their bulkiness, it is difficult to prepare
many fiber delay lines to store many packet cells. Introduction of
wavelength-division multiplexing is effective to solve this problem.

Figure 1 shows a basic optical fiber loop buffer memory. A wavelength

tunable optical transmitter sends optical packet cells, having different
wavelengths, X1 -Xn, packet by packet, to a fiber delay line through a 2x2
optical coupler. The fiber delay line has a delay time equal to a packet cell
transmission time. Output signals from the fiber delay line are split into
two signals by the 2x2 optical coupler. One is led to the fiber delay line
again. Therefore, wavelength-division multiplexed(WDM) packet cells circulate
in this fiber delay Iine loop. A wavelength demultiplexer, optical gate
switches and a wavelength multiplexer are inserted in the fiber delay line

loop. By using opti~al gate switches with optical amplification function, as
laser diode switches', closed loop optical loss of fiber delay line, including

optical coupler, wavelength demultiplexer and multiplexer loss, can be
compensated. Therefore, optical packet cells can circulate in the fiber delay
line loop without attenuation. The other signal from the 2x2 optical coupler
is led to a wavelength tunable optical receiver.This signal includes the same
WDM packet cells as stored in the fiber dela, line loop. The tunable optical
receiver, using a tunable wavelength filter or optical coherent detection
technique, selects an arbitarary wavelength (Xi) packet cell from injected
WDM signals. If the wavelength A i cell was selected by the tunable optical
receiver, the optical gate switch, amplifying the wavelength A i cell, is
turned off during the cell transmission time to erase the wavelength X i
packet cell. After that, the tunable optical transmitter can use wavelength
Xi again to enter another packet cell into the fiber delay line loop. In this
way, this buffer memory can store upto n packet cells in a random-in/random-
out manner using only one fiber delay line.

Tilis buffez ,emory can be applied to various packet switches. figure

2(a)(b)(c) shows some examples of m x m packet switches using the buffer
memories as input buffer memories, output buffer memories and a shared buffer
memory, respectively. Required number of wavelength n, calculated using M/D/1
model, are 10, 50 and 50+5m for the input buffer, output bufifer and shared
buffer switches, respectively, under the condition that switch input link
utilization is 80 % and packet cell loss rate is less than 10-10. The required
n of the input buffer switch is reduced owing to multiple-cells simultaneous-
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ly read out capability of the fiber loop memory. As a result, the input buffer

switch can be put into practice based on today's WDM technology and can

exchange several-Gbps packet cells. With future progress in WDM technology,

output and shared buffer packet switches will be turned into reality.

. Photonic packet switch using optical memory two-dimensional (2D) array
An optical memory 2D array has capability of achieving large-scale

integration in small size. Moreover, the optical memory 2D array has
massively parallel interconnection capability, based on free-space light beam
propagation. Parallel oper ;ion in the buffer memory of the packet switch is
very effective in achieving high total switch throughput.

Figure 3 shows an m x m photonic shared buffer packet switch using the
optical memory 2D array. Input electronic packet signal, with cell length p,
are led to an (m-column) x (p-row) shift register, latch and light source 2D
array and converted to a p-bit parallel configuration by shift registers.
Parallel signals are stored in latches during every cell transmission time.
The m x p light source 2D array converts m-columns of p-bit parallel packet
signals, stored in latches, to optical signals. Optical signals from the light
source 2D array are distributed to a (d-column) x (p-row) optical buffer
memory 2D array through a half mirror and holographic lens. Figure 4 shows an
optical buffer memory timing chart. The first half of each memory cycle time,
which is equal to the cell transmission time, is a write period. The write
period is divided into m time-slots. In each time slot, one column of light
source 2D array sends parallel optical signals to the optical memory 2D array
and one column of optical memories, activated by a controller, the store
optical signals. The latter half of the memory cycle time is a read period,
which is also divided in m time-slots. In each time-slot, one column of
optical memory 2D array sends parallel optical signals to an (m-column) x (p-
row) photodiode, latch and shift register 2D array and one column of
photodiodes, activated by the controller, convert optical signals to electric
signals. These parallel electric signals are stored in latches and converted
to a serial-bit configuration output packet cell by shift registers.

A VSTEP (Vertical-to-surface transmission electro-photonic device) 5 , 6 is
suitable for this packet switch. The reason is that the VSTEP can be used as
not only a low-switching-energy optical memory but also as a light source and
photodiode. VSTEP switching energy can be reduced less than 0.01 pJ.
Therefore, packet cell speed can reach 10 Gbps, on condition that m=8, p=552
(the cell length is 69 byte), d is 50+5m=90 to satisfy cell loss rate less
than 10- 1 for 80-% input link utilization, 1-mW light source output power and
6-dB free-space interconnection loss. A 90 x 552 VSTEP array will be
integrated within 3 mm x 20 mm size. As a result, a 8 x 8 packet switch with
10-Gbps cell speed will be achieve.d in small size and an extremely high-
capacity packet switching system will be fabricated using a multi-stage
switching network. Moreover, introduction of wavelength tuning function into
the optical memory makes it possible to change buffer memory m time-division
operation, during every write/read periode, to wavelength-division operation.
As a resalt, Higher switch perfor'manee will be achieved using the same
switching energy optical memory.

4. Conclusion Photonic packet switches, which can achieve extremely high cell
speed, as 10 Gbps, using the WDM fiber loop buffer memory and the optical
memory 2D array, were proposed. Introduction of WDM technology makes it
possible to reduce amount of fiber delay lines dramatically. Massively
parallel interconnected packet switch structure using the optical vemory 2D
array is effective to obtain high packet cell speed. These phtonic packet
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switches will be able to achieve higher perf'ormance than packet switches using
eleotronic buff'er memories.
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Introduction

Non-blocking N XN optical switch modules (OSM) are key components for future broadband
communications. To realize large scale integrated OSM9, it is necessary to develop small-size
optical switch units suitable for integration, and a precise alignment technique between a chip
with an optical switch array(OSA) and single mode fibers. Recently, we reported an InP-based
non-blocking 4 x 4 OSA with a novel structure (Single Slip Structure: S3) for optical switch unitsl)
operating through carrier-induced refractive index change2 ). This OSA exhibited polarization-
independent switching characteristics and features suitable for larger scale integration(only 8
mm long for 4X4 OSA). Here, we present experimental results obtained with the OSM being a
packaged version of our 4X4 OSA. In assembling this OSM, a novel technique for aligning a
single-mode fiber rray with the OSA was developed. The fiber array was inserted into a Si
attachment with a set of photolithographically defined pyramidal through-holes. This technique
obviously has a much wider application and is suitable for precise alignment of a large number of
fibers with other types of optical integrated circuits such as OSA.

The OSM will typically be applied to switching systems. In future networks,
ATM(Asynchronous Transfer Mode) technique will play an important role in realizing flexible
and economical broadband services. Therefore, we propose an ATM switch architecture using the
OSA. Wide bandwidth and fast switching features of the optical switch can be successfully
utilized to realize large capacity switching systems.

Optical Switch Module

Figure 1 shows a schematic view of the InP-based non-blocking 4 X 4 OSA fabricated by
integrating 16 S3 optical switch units. Every S3 optical switch unit is composed of one X-cross
element and two Y-branches incorporating carrier-injection regions. All waveguides are single-
mode InGaAsP/InP ridge waveguides with X-crossing and Y-branching angles being 10" and 5*,
respectively.

A schematic view of the proposed fiber array aligned by pyramidal through-holes(APT fiber
array) is shown in Fig 2. Tapered fibers are maintained and aligned by a fiber attachment having
truncated pyramidal through-holes. These through-holes are formed by anisotropic etching of a Si
substrate. Since positioning of fibers is decided by a photolithography techniquc, less than O.5-pm-
precision alignment can be expected. Furthermore, this technique enables us to align all fibers by
adjusting only two points of the fiber attachment, even if the fiber array has a 2-D structure. Once
the fiber attachments are installed, all fibers can be fitted without any adjustment by inserting
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the tips of tapered fibers into the pyramidal through-holes.Thus, the assembly process is also

simplified.

Figure 3 shows a photograph of a fabricated non-blocking 4X4 OSM with permanently

attached APT fiber arrays. Two Si fiber attachments (input and output) are settled on a Kovar

plate using adhesive and solder. A set of tapered fibers is guided through conventional V-grooves,

and inserted into the appropriate fiber attachment having truncated pyramidal through-holes.

The fabricated OSMs are 15 mm wide, 10 mm high and 50 mm long.

Experimental Results

Light from a 1.3-pm-wavelength laser diode was coupled into each fiber to measure the
fundamental switching and coupling characteristics of the fabricated 4X4 OSM for various

injection currents to each S3 optical switch. At 200 mA injection current, crosstalk reached -23.9

dB and minimum total insertion loss was 23.7 dB, including Fresnel reflection loss. The additional

total insertion loss was only 1 to 2 dB compared with the results of one to one fiber coupling using

the conventional alignment method.

ATM Switch Architecture using the Optical Switch Array

Application of the OSM to ATM switching systems is promising since it can offer a wide

bandwidth more easily than electronic devices. Figure 4 shows a proposed ATM switch

architecture using the OSM. Signals from 32 input ports are multiplexed into a 4.8 Gbps (150

MbpsX32) signal. The multiplexed signals are buffered electrically to avoid cell loss caused by
instantaneouis congestion. The buffer outputs are converted to optical signals and exchanged by

the OSM according to cell header information. The optical memory controller (SW CONT) receives

cell transmission requirements from the buffer memory controller (CONT) and decides which cells

are transmitted to which output port. The SW CONT controls the OSM and serds permission

signals to CONTs which have cells to be transmitted. This process is executed cell by cell and the

ATM switching function is realized. At the output stage, the signal from the OSM is

demultiplexed and sent to the output port according to the cell header.

In this architecture, the OSM exchanges multiplexed signals, enabling the OSM's wide

bandwidth to be fully utilized and the number of interconnection cables to be reduced compared.
Switching capacity is 19.2 Gbps in the system shown in Fig. 4. However a larger ATM switch can

be realized by a large capacity OSM or cascade connection of OSMs.

Conclusion

The fabricated non-blocking 4X4 OSM with APT fiber arrays showed satisfactory switching

and coupling characteristics. The novel fiber array attachment for aligning a large number of

fibers by truncated pyramidal through-holes(APT fiber array) was proposed for large scale

integrated optical circuits. An ATM switch architecture was also proposed as an application of the

OSM to switching systems. The wide bandwidth of the OSM was successfully utilized and large

switching capacity was easily realized.
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Abstract

Photonic switching networks are currently limited in throughput and delay by the processing
speed of the control system. A parallel optical processor is proposed which processes optical
routing information for all switch inputs concurrently, allowing for simultaneous control of
switching crosspoints. Improvements in throughput and delay are obtained through an
architecture which utilizes the high interconnectivity and bandwidth of bulk optics and
holographic optical elements (HOE). Control of an integrated-optic tree switch is given as
example.

I. Introduction

Photonic switching networks provide a fabric for the routing of high-speed, wide-band optica!
information. A topic of current interest is the study of optical signal processing for switch
control. Optical processing of routing information eliminates an electronic control
bottleneck[I], resulting in lower delays and higher throughput 12).

Photonic switches are unique in their capability to pipe information through at rates
compatible with that of the fiber-optic transmission medium. Several Issues drive the
requirement to increase the processing speed of photonic switch control; among them is a need
to route information in real time, possibly on a bit-by-bit basis. Packet switching systems
require the processing of a destination header in conjunction with the routing of data. The bit
rate of header information will be limited by the bandwidth of control electronics, leading to a
reduction in total throughput of the switching system [3]. The need to buffer data in order to
compensate for processing speed is also at Issue.

To date, optical control of a single switching node has been Implemented [1,4-5]. Fiber-optic
delay-line processors are employed to temporally encode and decode destination addresses.
Recently, an architecture has been proposed to control the N2 nodes of an optical crossbar
switch[2]. The high interconnectivity of free-space optics allows for concurrent processing of
all input channels in order to simultaneously set the switch crosspoints. The high temporal-,and
spatial bandwidths of bulk optics and binary phase gratings results in lower delay and higher
throughput for optical crosetar switching networks,

In this paper, a control architecture for more generalized switching structures (i.e. tree) is
proposed. The high space-bandwidth product inherent in holographic optical elements (HOE) Is
utilized to map cros3bar control information to a spatial equivalent corresponding tO the
crosspoint configuration of a switching network. Information is processed in parallel, allowing
simultaneous control of all switch crosspoints. This architecture reduces processing delays to
the order of free-space optical propagation times and processing times dictated by-the method of
encoding.
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II. Single Node and Crossbar Control Architectures

An optical processing architecture for control of a single switching node has been proposed and
demonstrated [11. Temporally encoded destination information is processed by an optical
pipeline processor in order to make an up or down routing decision at the node. Extension of
this technique to control optical crossbar switches has beei described using a parallel optical
pipeline (POP) processing architecture [2). Control information is extracted from data at the
fiber-optic switch inputs and decoded in parallel using an array of optical pipeline processors.
The output of the POP is a two-dimensional array of control signals corresponding spatially to
the crosspoints of the crossbar switch.

Ill. Generalized Control Architecture

Switching networks other than the crossbar are desirable due to the reduced number of
crosspoints (less than N2) necessary to fully Interconnect N inputs to N outputs. However, the
control complexity increases from setting one crosspoint per connection (crossbar) to setting
multiple crosspoints. Here the POP control architecture for crossbars is extended to these
more general networks. As shown in Figure 1, the POP processor is utilized as an optical
pre-processor whi. "i transforms temporally encoded routing information to a spatial
representation. Each element in the PCP output array represents the logical interconnection
between input N and output M, based on routing requests at the switch input.

switch
delayed output
Opt'cal
clocks
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switch pr len outpud
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The output of the POP processor is termeu the control matrix [2. For optical pulse position
encoding of the destination address [5], the control matrix Is given by [2]:

Bj1,1 Sjl,2 Sjl,3 ... 8jl,M

Sj2,1 8 j2,2 8j2,3 ... 8j2,M

iN,1 BjN,2 8jN,3 ... SjN,M

where each element is a delta function operating on the encoded inputs and a synchronously
delayed optical clock. Each element of the matrix Is mapped to the appropriate crosspoints In
the photonic switching network.
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IV. Optical Implementation: Control of a Tree Switch

Integrated-optic switching networks such as the tree switch have been demonstrated [6]. As
shown in figure 2 the control matrix is mapped to the switch using a HOE composed of many
subholograms (7] specific to the switch architecture. To avoid blocking states of a switching
network, transformation of the control signals may be done using a dynamically controlled HOE.
The HOE fans-out each element of the control matrix to photodetectors and driving circuitry
located at the appropriate crosspoints. Each crosspoint is biased in the up select state. An
incident optical control signal switches the crosspoint to the down select state, routing the
information to the requested output. An array of optical bistable elements[81 may be used to
extend setup times for the routing of packets. The duration of the control process consists of
the total free-space propagation delay in addition to the response time of bistable elements
(sub-nanosecond). Figure 2 shows routing of input 4 to output 1 and input 3 to output 4.
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Figure 2

V. Summary

The throughput and delay of photonic switching networks is currently limited by the processing
bandwidth of electronic control systems. Optical processing of routing information using
free-spvie optics results in a control system with delay (sub-nanosecond) and throughput
compE' a-le with that of the photonic switching fabric. High-speed packet switching and other
applications demanding real time control are possible given the performance of such a system.
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Characterization of High Speed Electrodes for
LiNbO3 Electro-Optic Switch Arrays

R. A. Nordin
M. T. Ratajack*

AT&T Bell Laboratories
200 Park Plaza

Naperville, Illinois 60566-7050

1. INTRODUCTION

Electro-optic switching system applications that require fast reconfiguration rates (<lns)[11 [2], must
have electrodes constructed as transmission lines instead of lumped elementsl 31. The coplanar strip
(CPS) pattern is generally preferred (for z-cut LiNbO3 ) for medium to large size amray's, where routing
congestion becomes important. The transmission line can be shunt terminated three ways. First it can
be terminated on the optical substrate. The turmination power and termination network surface area
would be limited however. Second it can be terminated off of the substrate. This has the problem of
limited routing flexibility and more area for I/0 pads. Third the termination can be series distributed
along the electrode length. The last case is the most advantageous not only for its ease of routing, but
as will be shown requires less source power, termination power, and settling time. This leads to
efficient and fast electrode structures. The distributed series termination resistance is simply
implemented by keeping the electrode very thin (.3 pim), thereby increasing the conductor loss. This
structure is referred to as an unterminated lossy transmission line[41 electrode. This paper describes the
characteristics and the performance advantages of these lossy unterminated CPS electrodes.

2. ELECTRODE CHARACTERIZATION

CPS unterminated lossy electrode test patterns were fabricated on LiNbO 3 substrates. The electrode
dimensions were 25pum width and 5 pm spacing. Thickness of .33 & .44 pm were used to determine
conductor loss sensitivity to transmission line parameters. Two configurations of electrodes were made.
One for two port measurements and used for transmission line parameter spectra extraction.The other
for one port measurements and used for crosstalk ar thermal measurements.

The electrodes were first characterized ty measuring the input reflection and forward transmission
scattering parameter spectra using an HP8510A network analyzer. The scattering parameter spectra can
then be transformed into transmission line parameter spectra (complex characteristic impedance and
propagation constant) by solving a system of four non-linear transcendental equations at each
frequency. The results of this transformation, on four CPS electrodes are shown in Figure 1 (a) and (b).
The high frwuency characteristic impedance asymptotically approaches a real 300 and the phase
velocity approaches 5.5 cm/ns. The dielectric material parameter spectra (dielectric constant and loss
tangent) can then be determined, using the transmission line parameter spectra. by solving another set
of equations at each frequency point. These experimental results match quite closely to theoretically
simulated spectra. The simulated spectra is calculated from the CPS geometrical data and its dielectric
properties. This is important because now we can simulate the CPS performance (as per section 3) with

* Current address: Department of Physics DePaW University, Chicago, Dminois 60614
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Figure 1. Transmission line parameter spectra for CPS electrodes on LiNbO3

a great deal of confidence.

Electrode to electrode coupling (or crosstalk) was measured to be near -20 dB for parallel separated
adjacent electrodes (see inset fig. lb). Although this crosstalk preturbs the optical output signal by only
-30dB with one interferring electrode, it may get worse with more electrodes. The crosstalk
mechanism's are electro-magnetic and/or acoustic4, The dominant mech-anism (experimentally
determined) was acoustical coupling, which was identified in the time domain. Mechanically damping
the substrates may become an important issue as the switch size increases.

Power is dissipated along the length of the electrode heating the substrate, hence a temperature gradient
can be measured. A 5 degree rise above ambient was measured, for a single electrode being driven
with a 400MHz, 15 volt p-p signal. Although this at first seems small, LiNbO3 is pyroelectric, and at a
higher frequency and/or higher p-p signals this can become an important concern l5 .

3. ELECTRODE PERFORMANCE

The performance of these lossy CPS electrodes (as simulated by their step response and required source
power) are shown in Figure 2 (a) and (b). The step response of various unterminated electrodes (with
and without a series source resistor) as well as terminated electrodes (with series load capacitor to
reduce termination power) are shown. The unterminated CPS electrode with the series source resistor
has the fastest settling time (as measured by the output reaching within 1% of the final value). This is
faster than the unterminated electrode without a series source resistor for primarily two reasons: firs'
the electrode ha more loss (which means that reflections will be attenuated furthei), and secondly the
series source resistor adds to the characteristic impedance of the electrode which then matches the 50
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Figure . Simulated CPS electrode performance

ohm source impedance. Note that the unterminated electrodes have faster settling times than the
terminated ones. 'Ibis occurs for two reasons. First the serics terminuion capacitance leads to
matching and rc time constant problems. Secondly the characteristic impedance of any of these
electrodes is not constant which leads to matching difficulties with resistance values (a matching
network perhaps would be more suitable). Similarly, we see in Figure 2b that the power required from
the source is minimized when the unterminated electrode with a series source resistor is utilized.

4. CONCLUSIONS

CPS unterminated lossy transmissio, line electrodes provide an efficient technique for fast
reconfiguration rate electro-optic switch arays. These electrodes have been successfully fabricated on
experimental Ti:LiNbO3 switch arrays configured as a time-multiplexed switch.
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All-Optical Signal Routina using Bistable Interferometers

G.S. Buller, S.D. Smith and A.C. Walker

Department of Physics, Heriot-Watt University,

Edinburgh EH14 4AS, Scotland, UK

Optically bistable Fabry-Perot etalons have been studied since 1979,

fabricated in a wide range of semiconductors and organic materials[l,2].

Demonstrations of the potential applications of such devices have been

mainly confined to optical parallel processing[3]. However, with increasing

interest in signal routing, a number of schemes utilising optically bistable

devices in such network have been studied[4,5].

At a previous meeting[6], we described a simple 1 x 2 all-optical

spatial switch using a ZnSe nonlinear interference filter (NLIF)-based on an

optothermal nonlinearity. In this demonstration, a NLIF was switched

between reflecting and transmitting states. The purely optical control of

these states and the subsequent latching action allowed high-frequency data

to be passed in either direction with no electrical or mechanical.

intervention. The upper limit on the frequency of the data is set by the

transmission bandwidth of the device (typically THz).

The optical control of such switches could be advantageous, especially

if it can be utilised in a more complex routing network. We have designed

and fabricated a demonstration 1 x 4 all-optical routing network based on

the 1 x 2 switch[7]. The data path was encoded within the header pulses

that --- preee th 4 hiU freqec aa q-- - ^coud b-e ---ended to

form larger N x N nonblocking networks.

In the above experiments, single wavelength data was spatially

126



FB3-2

switched. In an optically bistable Fabry-Perot device (with a refractive

nonlinearity), the interference peak is shifted in wavelength by an amount

proportional to its initial detuning. Hence, if a bistable interferometer

is switched from off-resonance to on-resonance by a source with wavelength

A,, a second wavelength X2 , initially on-resonance, will be switched in

the complementary manner. In this way, it is possible to construct an

optically controlled, wavelength exchange-bypass switch.

This was demonstrated using the outputs of two single-frequency GaAs

laser diodes, at X, and X2, incident upon a ZnSe NLIF with an external

absorber[8]. The wavelength separation was % 2 nm. The reflection

characteristics for both wavelengths are shown in Figure 1.

When input A1 was held in the bistable region and slow (% 10 ms)

positive and negative pulses were applied, X1 latched into the lower and

then the upper state and vice versa for A2. This is shown in Figure 2.

One of the problems in using optically bistable devices in many

applications is the poor contrast often found (typically % 3:1). We will

describe a number of ways by which this may be improved, including a novel

angle-dependent polarization switching effect which can be used to greatly

increase the contrast of both optoelectronic and optothermal bistable etalon

devices. The contrast levels that we have achieved, limited by the quality

of the polarisation optics used, are typically k 50:1. An example is shown

in Fig. 3.
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A self-routing optical switLn using ring topology

S. F. Su and K. T. Koai
GTE Laboratories Ircorporated

40 Sylvan Road, Waltham, MA 02254

I. Introduction

Packet switching is one of the basic switching techniques used in telecommunication switching
systems. It has been commonly implemented b using conventional electronic technology.
Input data are stored in the so cal!e,' elastic memories and output to the designated destina-
tion according to the destination address at the header. With the increasing deployment of
optical fibers in transmission systems and demand for variable bandwidth services, packet
switching in the optical domain may be desirable for future switching systems.

Ring-based switch has successfully been developed for fast circuit switching using electronic
technology [1]. On the contrary, due to a lack of optical digital devices, it was very difficult to
develop an optical ring-based switch. However, the new photonic shift register 121 in conjunc-
tion with the recent progress in optical amplifiers has kept the hope of developing an optical
switch alive. Here we propose a self-routing optical switch using ring topology. This switch is
able to simultaneously route multiple optical packets according to the information imbedded
in the headers.

II. General description

The basic structure of this optical ring-based switch is shown in Fig. 1. As indicated, all
switch ports are ring connected. Each port consists of an input processor, a switch cell, an
output decoder, and an output processor. The incoming and outgoing optical packets are se-
rial, but all internal transfers are parallel.

The inputs to the switch are serial optical packets (packets of optical pulses) containing data,
source identification, destination address, and flag bits. A variety of message formats may be
chosen for the incoming packets. Different formats will require different designs for the switch
but will not change the basic architecture of the switch. Here we use a simple, generic format
just to show how the proposed switch works. We assume that an incoming optical packet
consists of a header and data. They are organized as a sequence of optical bits. The header
consists of source identification, destination address, and flag bits, which signal the start of a
packet. For simplicity, we also assume that each packet is of the same length. A long mes-
sage may contain a large number of packets.

The input processor converts the incoming serial optical bits in a packet into a number of par-
allel optical bytes, called switch words. Each switch word contains a header and a ddta field.
Switch words from all input processors are synchronously loaded into the corresponding
switch cell at the CLK3 rate. For an optical ring containing n ports, there are n switch words
in the ring. The switch words shift around the ring and enter every output decoder at the
CLK2 rate. The output decoder accepts or abandons the switch word by comparing the ad-
dress carried by the switch word and the switch port address. If the addresses match, the
switch word is transferred to the corresponding output processor where it is converted to a se-
rial data stream and output to the destination.

III. Functional Design

Functional designs of the input processor, switch cell, and output decoder/processor are briefly
described below. Detailed design will be elucidated during the presentation.
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1. Input processor

As shown in Fig. 2, the input processor consists of four major sections: demultiplexing, serial-
to-parallel conversion, optical memory, and loading control. The demultiplexing section sepa-
rates the header from the data. The serial-to-parallel conversion section, which is made of op-
tical serial-to-parallel converters, converts the serial bits to parallel bits and sends them to the
optical memory section. The memory section, which is made of photonic shift registers, stores
the parallel switch words. The loading control is responsible for timing and for proper loading
of the switch words onto the ring-connected switch cell.

2. Switch cell

A switch cell, which is connected to an input processor and an output decoder, is basically a
photonic shift register. It receives the new switch word from the input processor and erases
the old one at a CLK3 pulse. At a CLK2 pulse, it shifts the switch word to the next switch
cell and receives a new one from the preceding switch cell. At a CLK 1 pulse, the optical pulse
is shifted from Cell I to Cell 2 within the shift register. Figure 3 shows a single optical ring
which consists of four switch cells. There are N optical rings in an optical ring-based switch,
where N is the number of bits in a switch word. The delay in the ring itself depends on the
speed of the photonic shift registers and the physical size of the ring. Using today's technol-
ogy, the photonic shift register can run at a speed of several gigabits per second.

3. Output decoder and processor

Figure 4 shows a functional diagram of output decoder and output processor. The function of
output decoder is to select or "gate" switch words destined for the selected output port. The
output decoder compares the destination address carried by the switch word with the port ad-
dress using optoelectronic gates. Switch words with the proper destination address are trans-
ferred to the output processor. The output processor maps switch words into optical packets
and converts them into serial data streams.

IV. Performance estimates

Performance of the optical ring-based switch depends on the components and technology used
in the switch. In general, switching speed of an optical ring-based switch is limited by the
speed of the photonic shift registers and the processing speed of its output decoders and out-
put processors. Using discrete components and hybrid integration technology, the switching
speed of the optical ring-based switch is on the order of gigabytes (giga switch words) per sec-
ond, which is about 10 times faster than that of the electronic ring-based switch. This speed
can increase to tens of gigabytes per second when integrated optics and optoelectronic inte-
grated circuits technologies are employed. The larger the switch words, the higher the
throughput. Typical switch word size ranges from tens of bits to hundreds of bits. This indi-
cates that the throughput of an optical ring-based switch is on the order of terabits per sec-
ond.
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Time-Multiplexed Optical Systems

R. S. Tucker, G. Eisenstein, and S. K. Korotky

AT&T Bell Laboratories

Crawford Hill Laboratory

Holmdel, NJ 07733

Time-division multiplexing is used widely in electronic switching and transmission

systems operating at low and moderate bit rates. At multi-gigabit per second rates, however,

the bandwidth and switching speed of electronic devices become limiting factors and give rise

to an electronic speed bottleneck. Optical time-division multiplexing (OTDM) eliminates these

electronic devices from the key high-speed multiplexing operations and creates new

opportunities in very high speed switching and transmission.

Optical time-division multiplexing and demultiplexing offers several attractive

characteristics: (a) It enables very high bit rates to be achieved, while employing electronics

with only moderate bandwidth; (b) it is a digital technology, which leads to an inherent

compatibility between photonic switching and transmission systems; (c) it provides flexibility

in the choice of the number of transmitter lasers; and (d) it offers the potential for full use of

the zero dispersion wavelength in transmission systems. The potential of OTT)M systems has

been recognized for more than two decades [1-5]. However, it is only recently that system-

level demonstrations of the technique have been reported [6-12]. These experiments have

served to highlight some key aspects of the potential of OTDM such as very high bit rate

transmission [11], high bit rate switching switching [12], and self-routing using optical

processing [10].

This paper surveys recent progress in optical time-division multiplexing for very high bit

rate transmission and switching systems. The required characteristics of key devices will be
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described, with particular emphasis on mode-locked and gain-switched lasers for picosecond

pulse generation, optical switches for data encoding, multiplexing, and demultiplexing, and

optical amplifiers for compensation of system losses. System architectures for transmission

and switching systems will be described and methods for timing and clock recovery will be

reviewed. Performance limitations due to crosstalk will be explained.
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An Experimental 512 Mbps Time-division Photonic
Switching System

T. Shimoe, S. Kuroyanagi, K. Murakami,
H. Rokugawa, N. Mekada, and T. Odagawa

FUJITSU LABORATORIES LTD.
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1. Introduction
Broadband switching systems offering high-quality video services

must operate at high speeds and photonic switching is highly promising for
overcoming the many problems limiting switching speeds. This paper
describes our experimental photonic time-division switching system. We
have developed a system using high-speed and thermally stabilized optical
memory and optical switch modules.

2. System configuration
The experimental system can switch four 128 Mbps full-motion color

video signals for 512 Mbps operation.
Figure 1 is a block diagram of the system. Four video channels are

multiplexed onto a 512 Mbps highway in a bit-interleaved form and sent
to a time switch. The time switch consists of a 1 X 4 write optical switch,
four optical memories, and a 4 X 1 read optical switch. The signals in the
input highway are sequentially written to the optical memories, where
time slot #i is stored in the #i optical memory during the frame, and then
randomly read out to the output highway according to the controller's
instructions.

128 Mbls V-- IT =A '

lx4 memories 4 Monitors
COM Optical Opt ical 1

M-- B switch switchbM

512 Mb/s 512 Mb/s
hihway - hihwy

h7"- Frame dr a Iive s e d
I a & I I I l C r tic its  I

gienca glneenatoto

Master clock Micro processor

Figure 1 Experimental system configuration
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3. Optical devices
The key devices in the system are bistable laser diodes with tandem

electrodes used as optical memories and Ti:LiNbO3 waveguide switches.

3.1 Optical switch modules
For the 1 X 4 / 4 X 1 optical switches, three 2 x 2 directional couplers

are integrated in the tree structure shown in Figure 2.
For high-speed switching, traveling-wave electrodes are used. So,

less than 200 ps switching is obtained by GaAs FETs drive.
For thermal stabilization, a Si layer with an appropriate resistivity

between the Si0 2 buffer layer and electrode is formed[ 2). This structure
reduces thermally-induced drive voltage shift to less than 0.1 V/*C by
uniform surface-charge distribution. In the optical switch module, a
polarization maintaining fiber is permanently attached to the switch chip
through a ruby bead. This reduces the thermally-induced loss deviation[3].

3.2 Optical memory modules
The main "-ature of the bistaole laser diodes is the embedded semi-

insulating InP current blocking layer[4] shown in Figure 3. This structure
decreases the response time to less than 150 ps. In the optical memory
modules, fibers are permanently attached to the bistable laser diode with
lenses. Coupling losses are 4 to 6 dB at the input ports and 7 to 9 dB at the
output ports.

For wavelength stabilization, the optical memory modules use
external Peltier devices to prevent operating condition deviations. This is
especially important as the coincident wavelength with the light source can
reduce switching power -5 dBm at 512 Mbps.

Traveling-wave
Ruby bead electrode Fiber

arrayElectrodes

Semi-insu ating

InP layer Active layer

Figure 2 1x4 optical switch Figure 3 Bistable LD

4. Experimental results
Figure 4 shows the experimental system, which is composed of a rack

for the switching system and four video sources and TV monitors. The rack
is 1.5 m high, with 3 shelves for the video codecs and control circuits, the
optical switching network, and a micro-processor. All switching circuits are
installed in the same rack.
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Video quality is Adequate. To provide enough input power to the
bistable memories, a 10 dBm high-power VSB laser diode is used as the
light source. Figure 5 shows the output highway waveform. The 3 dB
deviation at the bistable memory outputs are made uniform at the
connectors between the optical memories to avoid error rate degradation
at the optical receiver. A 10-9 bit error rate is obtained in the worst-case
path.

Time slot No.
Output 1 2 3
Input 4 1 3

, - Frame

(I ns/div)
Figure 5 Output optical waveform

- -Figure 4 The experimental system

5. Conclusion
An experimental time-divisioa photonic switching system has been

demonstrated. Stable 512 Mbps switching was established in a practical
environment. All optical modules are rack mounted with the electronics
circuits.
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1. introduction

Three classes of switches have been investigated in the
optical domain: wavelength-division (WD), space-division (SD) and
time-division (TD).

WD switches are attractive because of their potentially high
throughput. Their development is however still at an early stage
due to the lack of wavelength converters.

In SD switches, a matrix of crosspoints is used to connect
any of the input ports to any of the output ports. As the number
of ports increases, the complexity of the switch increases
correspondingly, and ultimately limits the size of the switch
that can be fabricated.

Larger photonic switching systems can be implemented by
cascading SD sWitches and TD switches (also referred to as time-
slot interchangers (TSI)). In TD switching, the time-multiplexed
optical input data stream is first demultiplexed and the data in
each time slot is written into an optical memory. Switching is
accomplished by sequentially reading out the stored data in any
desired order [1].

Few optical TD switches have been proposed [2,3,4]. In this
paper, a novel optical TSI implementation is presented.

2. Previous proposals

Optical implementations of NxN TSIs have used integrated-
optic lxN and Nx1 switch matrices as optical write and read
gates, respectively [2,3,4]. Fiber-optic delay-lines and bistable
laser diodes (BLDs) [2,3] have been used as optical memories.
Implementations of photonic TD switches with architectures
analogous to their electronic counterparts seem to have, however,
several shortcomings. Implementing optical memories with fiber-
optic delay-lines necessitates 2N delays if all possible time
slot permutations are required. Reentrant delay-lines can reduce
this number to N at the expense of amplification [3]. On the
other hand, BLDs can store only one bit of information at a time.
To store B bits per time slot with BLDs would therefore require
BxN memory elements.
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3. Proposed T8I Architecture

A block diagram of the proposed optical TSI is shown in Fig.
1. It consists of a high-speed serial-to-parallel demultiplexer,
that serves as a write gate, and of a bank of programmable
optical delays, used as memory elements.

The optical data input to the TSI consists of time-
multiplexed channels forming a frame of length T (A frame of data
is also depicted in Fig. 1.). Each frame is divided into N+1 time
slots, denoted 0 through N, of duration t. The 0th slot is always
occupied by a* reference pulse, each of the remaining slots 1
through N contains one bit of data. The demultiplexer consists
of N cascaded 1x2 photonic switching elements, labeled 1 through
N, and of a gating controller. The incoming signal is loaded into
the demultiplexer as in a shift register. Upon detection of
the reference pulse at the controller, each time slot is located
at the input of its corresponding switching element. The
controller generates a gating pulse of duration t which
simultaneously sets all switching elements in the cross-state.
Each time slot is routed to the switched output of the switching
element, thus achieving the required demultiplexing.

The demultiplexed pulses simultaneously enter the bank of N
programmable optical delays. Each optical delay shifts the pulse
to a new time position. A fiber-optic summer multiplexes the
delayed pulses and the reference pulse, appropriately retarded,
to yield a time slot interchanged version of the initial input
sequence.

HI6H - SPEED
DEULTIPLEXER Gating

. ..------------. ....- er

Reference
Pulse \

0 Photonic Switching Photonic Switching ... Photonic Switch ng
Time-multiplexed Element 'N Element ON-I Element I
Optical Data Input 1 -

DELAY - LINE D Progremmable D
BLOCK "Optical Delay

-----Electrical connectionFie-p c

Optical connection T S Summer
T at S lIntv",ene

Multiplexed O j .ca1 D al Output IL

0 1 1 N

Fig. : Block Diagram of the Optical Time-slot Interchariger
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4. Features of the proposed TSI

The proposed TD switching architecture has several
advantages over previously demonstrated TSIs. First, sending a
reference pulse with the data, together with the shift-register
design configuration, simplifies the demultiplexing function.
This self-clodking capability allows high-speed demultiplexing
without the need of an external control. Second, the self-
clocking capability also makes the TSI operation asynchronous
since no external clock is required. Third, the multiplexing
function is achieved passively in the summer, eliminating the
need for an active read gate.

The setting of each delay is a low-speed function compared
to the demultiplexing, which has to be done within time t.
Indeed, the reconfiguration of the time slot arrangement has to
be performed in a time less or equal than T which corresponds to
the time it takes to load a frame into the demultiplexer.

Finally, simultaneous demultiplexing allows an optimized
number of only N delay-lines to perform all possible permutations
of the initial sequence.

The serial configuration of the demultiplexer results in a
non-uniform attenuation of the demultiplexed time slots. Time
slots closer to the reference pulse undergo a larger attenuation
than time slots further away since they travel through a larger
number of photonic switching elements.

In this talk, an experimental demonstration will be reported
and ways to compensate for the non-uniform attenuation will be
discussed.
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Time-multiplexed-switched (TMS) optical networks can serve to provide
broadband communications among a number of high-capacity digital terminals, such as public
branch exchanges (PBXs), central office switches, and computers. As such, recently they have
been receiving increased attention [1-6]. The central element in these networks is a high-
speed optical hub switch that reconfigures on a regular basis to route traffic in the form of
blocks of data among the terminals. Depending on the nature of the traffic, a variety of switch
architectures are suited to both arbitrary [2,3] and scheduled [1,4-6] interconnection patterns.
The latter effectively provide virtual circuit interconnections among all the terminals on the
network. Experimental demonstrations of an 8x8 dilated-Benes architecture with -2 ns
switch reconfiguration time [3] and a 4x4 banyan architecture with ,,,250 ps switch
reconfiguration time [5] based on Ti:LiNbO3 directional couplers have been reported. To
take advantage of the short guardbands that are possible and keep system overhead low, a
means of clock distribution is required. Here we describe and demonstrate an effiuient
method of clock distribution suitable for attaining bit-synchronization of local networks. We
present experiments to show that the local clock oscillator of a 4 Gb/s terminal of a TMS
network can be locked to the switch master clock located 5 kim from the terminal.

The logical interconnections we wish to implement in a four-terminal TMS network
[5] are depicted in Fig. 1. Each terminal is connected to the optical TMS hub switch via fibers
to form a broadband network. A master clock is used to define the frames and time-slot
positions of the switch and hence the network, as described previously [5]. This clock must
also be conveyed to the terminals to ensure that the duration of the time-slots transmitted by
the terminals are identical to the time-slots allocated by the switch. In addition, the terminal
may use the clock in the decision circuit of its receiver. A variety of means may be, used-to
distribute the clock from the master clock at the switch location to the terminals. For
example, the clock may be distributed over a-distinct network, as we.have previously done [5],
or over a separate wavelength over the same fiber as the data. These approaches require
many additional devices, however. (Note, we assume the geographic extent of the network is
not so great that wander of the distributed clock, which might be caused by significant
temporal variations in the temperature differentials across the network or laser wavelengths, is
a concern.)

In Fig. 2 we illustrate a novel and efficient method of clock distribution that
requires essertially only the addition of a sci ofopticai modulators to the data network. This
set of modulators, one for each terminal, may be integrated onto the same substiate(s)
constituting the hub switch. The optical modulators are used to impress a continuous-wave
low-amplitude tone onto the optical data signals, which originate at the terminals, without an
optical-to-electrical conversion as they traverse the switch location. For the non-return-to-zero
(NRZ) coded digital data signals used by the network [51, the clock tone is best placed at the
clock frequency, where little rf power exists in the data signal. Thus, for the present 4 Gb/s
links, the clock tone is placed at 4 GHz. As Ti:LiNbO3 traveling-wave electrooptic
modulators are capable of high-speed modulation with low drive power and low insertion loss,
we use them here. To attain the highest possible efficiency (i.e. minimum excess insertion
loss) for the clock modulators, they are operated in an unconventional mode. Normally, the
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electrooptic intensity modulators are dc-biased to near the point of 50% optical transmission
to attain the most linear optical replica of the drive signal [7]. This mode of operation,
however, introduces an excess insertion loss of 3 dB over the inherent waveguide loss of the
modulators. We instead choose to bias the modulators for 100% transmission, thereby
incurring negligible excess loss. At this operating point, the optical output of the modulator is
a local maximum as a function of the applied voltage. Thus, the effect of the modulator is
nonlinear and, in particular, causes a frequency-doubling of the modulating signal.

The experimental arrangement used to demonstrate these concepts is illustrated in
Fig. 3. As indicated, the terminal's transmitter and receiver are intended to operate at
nominally 4 Gb/s and take their clock from the terminal's local oscillator. A two-way, 1.3 jm
wavelength, single-mode fiber link of effectively 5 km connects the terminal to the switch
location. There the light is passed through the clock modulator, which is driven by a
synthesizer that serves as the master clock. As described above, the clock modulator is biased
so as to frequency-double the master clock signal. The synthesizer is therefore operated at
2 GHz to place the 4 GHz clock signal on the lightwave. The modulation depth was I%,
corresponding to an excess loss of -0.1 dB. From the output of the clock modulator, the
composite optical signal is routed back to the terminal's receiver. At the receiver a portion of
the data signal is routed to an electrical phase-lock-loop (PLL), which permits the local
voltage-controlled-oscillator to be locked to the master clock tone. The data signal from the
receiver and the clock signal are connected to a test set to measure the bit-error-rate. In Fig. 4
we show the rf spectrum of the output of the receiver in the neighborhood of 4 GHz. With the
master clock turned off, a remnant of the local oscillator clock, which has relatively large
phase noise when free-running, is observed, Fig. 4a. When the master clock is turned on, the
PLL was observed to pull the local oscillator frequency to the master clock tone as seen in
Fig. 4b. Under this condition, a BER of < 10-0 was obtained for a received optical power of
~-20 dBm.

In summary, we have proposed and experimentally demonstrated an efficient
method of clock distribution to achieve timing synchronization of an optical TMS local area
network with multi-gigabit/second throughput. We are grateful to C.A. Burrus, A.H. Gnauck,
D.A. Herr, G. Raybon, and R.S. Tucker for their assistance, T.O. Murphy and R.W. Smith for
the modulators, and B.L. Kasper for the receiver.
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1. Introduction
The next generation photonic network will need a new

architecture for signal access between the optical data highway
and terminals or subscribers at the optical level. This
architecture must support broadband imformation services, such as
motion video signals. Optical signal access using a LiNbO
optical switch has been tried[I], but the device requires a higg
operation voltage. Therefore, simple optical semiconductor
devices with smaller operating energies are needed. In this
paper, we present a prototype photonic access node using
bistable lasers with a direct optical drop/insert function which
can access the optical data highway without O/E and E/O
conversion.

2. Principle of optical data latch
For optical direct access to an optical data highway, we

used InP optical bistable laser diodes (BSLDs) with
tandemelectrodes[2] as optical data latches. A BSLD has two
current inputs, I1 and 12, which control its hysteresis and
threshold characteristics. When I1 is fixed, a BSLD has two
stable states, "H" and "L", while 12 is at an adequate value Ib
(Fig. l(a)), and it has a threshold within the optical input, Pin
(Fig. l(b)). Ruppose the optical data stream comes into the BSLD,
as shown in Fig. 1(c). It is set to the "H" state by the optical
input beyond the threshold Pth (data bit "2" in Fig. l(c)). And
it is reset by a current pulse within the frame duration. To set
the BSLD for a particular optical data bit as described above, an
optical frame pulse superimposed on the data pulse is needed. In
this way, only the desired data can be latched as the output of
BSLD (Fig. l(d)). We call this effect optical sampling memory
(OSM) .

3. Experiments
3-1. BSLD modules

The BSLD's optical data latch operation basically stands on
its hysteresis characteristic, and the hysteresis characteristic
depends severely U11 its temperature. Therefore we made BSLDs into
modules to help stabilize their temperature and optical coupling
conditions. Figure 2 shows the optical setup in the BSLD module.
Optical coupling between the BSLD and optical fibres is achieved
with GRIN rod lenses at both cleaved surfaces of the BSLD. The
entire body of the module is mounted on a thermoelectric heat
pump which includes a temperature sensor. The temperature of the
module is stabilized with a PID controller within +0.0iC.
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3-2. Experimental setup
Figures 3(a) and (b) show the experimental setup for the

optical data drop and insert functions. The bit rate of the
optical data highway is 50 Mbit/s (RZ), and the degree of
multiplexing is four. Optical memory operation drastically
changes according to the relationship of optical data and BSLD
wavelengths[2]. So the optical data/frame wavelengths are kept
constant by controlling the temperature of optical source LD
modules. In insert operation (Fig. 3(b)), the optical data to be
inserted is divided from the highway electrically by data divider
before the data E/O. Then it is transmitted by a separated E/O in
a 12.5 Mbit/s RZ-pattern, on which the optical frame pulse is
superimposed, and is fed to the BSLD.

3-3. Results
Optical input/output waveforms during drop and insert

operation are shown in Fig. 4. In Fig. 4(a) we can see 12.5
Mbit/s RZ optical data is dropped out of the 50 Mbit/s data
highway, and in Fig. 4(b) 12.5 Mbit/s optical data is duty-
converted and inserted into the 50 Mbit/s highway. The bit error
rate characteristics of the optical data latch output for drop
and insert are shown in Figs. 5(a) and (b)y Good performance
with a bit error rate of less than 10-  is achieved. The
allowable deviation of the optical data power as narrower in the
drop case to keep the error rate less than 10- . We think this is
due to the difference in signal sequence between drop and insert.

4. Conclusion
The first optical data drop/insert function was achieved

usirl bistable laser diodes as optical data latches. This is a
key function for direct data access to the optical data highway,
applying optical signal processing technology.
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Introduction

There is growing interest worldwide in the potential applications of diode
laser amplifiers for all-optical logic, switching, wavelength conversion,
pulse-shaping, and other aspects of signal processing. Two types of device
are currently under study, corresponding to two different physical
mechanisms of operation. In the first type the dispersive nonlinearity at
wavelengths close to the band-gap is utilised to produce switching and
bistability between two different states of transmission. In the second type
the device consists of two or more sections, each with its own electrical
contact, and the switching arises as a consequence of the absorptive
nonlinearity when some sections are driven close to lasing threshold and
the others receive little or no current. The advantages of the former device
type are its ready availability and low switching energy (of order
femtojoules), although it suffers from a marked sensitivity to the
wavelength of the optical input. By comparison, the two-section device
shows good tolerance to input wavelength and can give significantly higher
contrast ratios between the off and 'on'states. In the present contribution
recent progress made with these two device types will be reviewed with
reference to potential applications as memories, switches and regenerators
in photonic switching systems.

Single-section (dispersive) amplifiers

For wavelengths close to the band-gap, the refractive index in a djie la~er
varies with the injected carrier concentration at a rate of order 10' cm-

for both GaAs ( = 0.8 gim) and InGaAsP ( = 1.3 or 1.5 pRm) devices. When
the laser is biassed just below threshold and used as an amplifier, the input
optical signal can saturate the material gain and thus reduce the carrier
concentration. The resultant change in refractive index, and hence in
optical path length, is sufficient to cause nonlinear changes in transmission
as a result of the shift of resonant wavelength with respect to the
wavelength of the optical input. For 1.3 pgm [11 and 1.5 gm [2] quaternary
amplifiers, bistability in the optical output/input characteristics occurs at
input powers of around I gW, and the switching repetition rate is limited
by the carrier recombination time which is about 2 ns [3,4].

The nor."inear response of the dispersive amplifier has been used to
demonstrate an optical AND gate with a contrast ratio of 5:1 [5], and by a
further extension of this idea, all-optical signal regeneration of a 140 Mb/s
data stream has been realised [6]. rn the latter experiment, an optical clock
waveform generated by a tunable laser source was combined with the data
stream from a DFB laser and coupled into an amplifier. The peak power of
the clock was arranged to lie just below the bistable threshold of the
amplifier. When the data is low a slightly amplified clock pulse appears at
the output; when the data is high the output jumps to a higher level which
is insensitive to the data power. Thus the key functions of a regenerator
have been achieved, namely pulse-shaping and retiming. However, the
retiming relies on the provision of an optical clock, whereas the recovery of
a timing signal from a data stream alone would be a more desirable target
[7]. At the time of writing the only claim to clock recovery in an all-optical
regenerator has relied upon SEED devices within an electrically and
optically p ,wered circuit at a data rate of 5 kb/s [8].
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The optical regeneration experiments reported by Webb [6] demonstrated
another novel feature, namely the ability to translate the wavelength of a
data stream to a new wavelength as determined by the clock signal
wavelength. The case where a data stream at one wavelength is switched
by a control signal at another wavelength has been demonstrated by
Kawaguchi et al [9]. Using signal and control beams derived from DFB
lasers at 1.5315 pm and 1.5460 pm, a high speed switching experiment in a
1.5 pim laser anplifier has been reported using an 800 Mb/s plse pattern
[10]. The sensitivity to temperature and current shown by an uncoated
amplifier can be reduced by the use of AR-coated facets, and a
two-wavelength switching experiment using 1.5 % reflectivity facets has
been performed [11]. For the two-wavelength configuration, depending
upon the initial detuning of the optical data signal, both normal
(anticlockwise) and reverse (clockwise) hysteresis loops have been
achieved in the signal output power as a function of the control input
power [9]. This opens up the possibility of operation of an amplifier to
perform the NOT, NOR and NAND gate functions. It has also been proposed
112] that these functions might be achieved by using the reflected si6 nal
from an amplifier with single-wavelength operation.

Two-section (absorptive) amplifiers

In this device, as first proposed by Lasher [13] in 1964, the top contact is
divided into two sections, one of which is driven with , ufficient injected
current to be just below lasing threshold, whilst the other receives only a
small bias current, if any. In the OFF state, light emitted from the first
section is absorbed in the second section, and optical output is thus
suppressed. If the loss in the second section can be saturated by the
creation of sufficient electron-hole pairs, then optical output can occur
either by amplification of an input optical sinal, or by lasir g action,
usually at a different wavelength to that of ge optical input. As a
consequence, the optical output versus optical input can show strongly
nonlinear and bistable behaviour, depending on the drive currents applied
to each section and on the wavelength of the input signal [14]. Bistability
can also occur in the graph of optical output versus current injected into
the amplifying section, even in the absence of an optical input. Recent
experiments on two-section amplifiers have demonstrated nonlinear
switching for input powers as low as -51 dBm, with minimum repetition
time of 700 ps and a maximum gain of 26 dB [15].

Two-section bistable lasers have been used as memory elements in a
high-s optical time-division switching system [16,17]. In this
application, LiNbO3 directional coupler switch matrices were used as
read/write gates for the bistable lasers. Four 64 Mb/s digitally encoded
colour video signals were time-multiplexed and directed to the memory
elements in turn by the optical write gate. Then the o1 .ical read gate was
used to read out the signils stored in the memories in any desired
sequence. Thus time-switching on the time-multiplexed optical highway at
256 Mb/s was accomplished [17].
Another application of absorptive bistability in laser amplifiers is to

tunable wavelength conversion for optical wavelength-division switching
networks. I principle employed is to control te emission waveiengtm of
the emitted light by the incorporation of a grating whose effective pitich
can be changed by injecting carriers and thus altering the active layer
refractive index. Multielectrode DFB laser amplifiers have been used for
this purpose [18,19], and a tunable range of 3 nm achieved [19]. A similar
structure has also exhibited optical tristability, including spectral
bistability, controlled either electrically or optically [20].In this case the
output wavelength can be either one of the two dominant resonant modes
of the DFB. By using the spectrally resolved output from the device, AND,
OR, NAND, NOR, INVERT, XOR and memory operations have been observed
[20].
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Conclusion

TI .- physics and applications of single-section (dispersive) and two-section
(absorptive) amplifiers have been reviewed. It is clear that early
demonstrations of applications as memories and regenerators in photonic
switching systems have indicated the scope for future work. In pirticular
attcntion !has been drawn to the requirement for a means of all-optical
clock recovery in signal regeneration, and to the breadth of possibilities in
wavelength-division switching networks. These and other opportunities for
innovation should ensure a continuing evolution in the field-6f bistable
laser amplifiers.
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Optical flip-flop operation of a bistable laser diode
using one-wavelength light signals

T. Odagawa, and S. Yamakoshi
Fujitsu Laboratories, Atsugi

10-1, Morinosato-Wakamiya, Atsugi 243-01, Japan

1. Introduction
Bistable laser diodes(BSLDs) are useful as optical memories and optical logic

devices. They are usually set by optical pulses and reset by electrical pulses. For
all optical signal processing, it is indispensable to reset the BSLDs by light
injection.

Inoue et al reported an optical reset method of the BSLDs using the beat
vibration between the injected light and the lasing light of the BSLDs (1). In the
method, the frequency difference between two light pulses must be smaller than
the life time of carriers in a saturable absorption region(typically several ns).
Therefore the injected light wavelength must be tuned to the lasing wavelength
of the BSLD precisely. Recently we reported another optical reset method using a
gain-quenching phenomenon, in which the injected light wavelength does not
need to be tuned to the lasing wavelength, and demonstrated all optical flip-flop
operation of the BSLD (2). In the report, the wavelength of the reset light was
different from that of the set light, and two light sources were necessary.

In this paper, we demonstrate optical flip-flop operation of the BSLD using
only one-wavelength light signals.

2. Experiments
2.1 Experimental condition
Figure 1 shows a schematic structure of the BSLD we used. The active

region is embedded with semi-insulating InP layers. I and I2 are the currents in
gain region 1 and 2. Turn-on current Ilon = 6.5 mA, and turn-off current Iloff =
4.6 mA in the condition of 12 = 28 mA. In the foll',wing experiments, a bias
current 1I was set at 4.9 mA. Under this condition, lasing wavelength is 1.302
9m.

2.2 Wavelength dependence of optical set and reset
characteristics

The mechanism of the optical reset method using gain quenching is as
follows. Because the saturable absorption region is pumped by the lasing light,
the light injection whose wavelength is slightly longer than the lasing
wavelength of the BSLD, decreases the carrier densities not only of the gain
regions but also of the saturable absorption region. Thereby it decreases the net
gain of the lasing mode and stops the lasing (2).
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First, we investigate the wavelength dependence of the threshold light
intensity necessary to set or reset the BSLD in a static condition. Figure 2 shows
the experimental results. Arrows show the resonant wavelength in the EL or
lasing state. In the BSLD, they are different from each other, because the carrier
density of the active layer changes between the two states. And the threshold set
light intensity has minima near the resonant wavelength in the EL state, but the
threshold reset light intensity has minima near the resonant wavelength in the
lasing state. There are two kind of wavelength regions, that is, the set-able
wavelength regions and reset-able wavelength regions. Light in a set-able
wavelength region, can set the BSLD but can't reset it. And light in a reset-able
wavelength region, can reset it but can't set it.

However, the situation may change at the boundary areas which divide the
set-able wavelength regions and the reset-able wavelength regions. There is a
possibility to set and reset the BSLD by one-wavelength signals.

2.3 Optical set and reset operation with one-wavelength light
We investigated, in a dynamic condition, if one-wavelength light in the

boundary area can set and reset the BSLD. To operate the BSLD with one-
wavelength light signals, we changed the set and reset light signals in it's
intensity or it's pulse width. Figure 3 shows the experimental results of the flip-
flop operation of the BSLD with one-wavelength light signals. The wavelength
of the injected light was at the boundary area(1.30826pni). In figure 3 (a), the
intensity of set and reset light pulse are 30 gW and 170 gw. In figure 3 (b), the
pulse width of the set light and that of reset light are 10 and 50 ns. In both cases,
making the energy of the reset light be larger than that of the set light, we can
operate the BSLD with one-wavelength light signals.

3. conclusion
We demonstrated the optical flip-flop operation of the BSLD with only one-

wavelength light signals which have different intensity or pulse width.
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EFFECT OF ABSORBER POSITION IN BISTABLE InGaAsP LASERS
UlfVOhlander and Olof Sahlin

Institute of Optical Research and Department of Physics II
Royal Institute of Technology

S-100 44 STOCKHOLM
SWEDEN

Laser diodes with saturable absorbers [1], [2] are among the most interesting nonlinear and bistable elements studied
so far for telecommunication purposes. They have been used to demonstrate time-multiplexing [3] and pulse
regeneration [4]. Subnanosecond switching times with subpicojoule optical input pulses have been reported [5].
However, despite their merits, their physical behaviour is only partially understood. Since they consist of several
sections, having very different injection levels before switching-on, such lasers show a richer variety in behaviour
than ordinary semiconductor lasers. It has, for instance, been shown experimentally [6] and theoretically 17] that a
too long absorber section causes the bistability to disappear in two-section lasers, a phenomenon which can be
understood on the basis of bandgap-renormalisation in the gain-section [6].
We present detailed measurements on the hysteresis width, threshold current, lasing and luminescence wavelengths
and carrier redistribution during switching as a function of current bias into the absorbei in a three-section 1.3 pi
Etched-Mesa Buried-Heterostructure laser. We find a large difference between placing the absorber at the end facet
or in the middle of the laser. We also report on the %iew phenomenon of two-stage switching in such lasers. The
results presented are important for optimising such lase,. ia telecommunication applications.
Figure 1 shows a schematic drawing of the structure used. T'e ;.isers were fabricated by Ericsson Components AB.
The total length was 400 gim, and there were three separatep, •t -tacted sections. The relative lengths of the three
contacted sections 1, 2 and 3 were measured in a microscope m,'d found to be 154 gim, 103 tIm and 103 pam
respectively, with 20 tum long unconnected, separating segments. The visual measurements were supported by
measurements of the differential resistance when the sections wee biaed above threshold. The dark resistances
between the sections were about 500 fl.

U

Figure 1. Inhomogenously pumped InGaAsP laser. Sec-
tions 1, 2, 3 are independently connected, with R = 47 Q
resistors. Both section 2 or 3 as well as 2 + 3 can be used n R R
as absorber. When two sections are used as gain sections,
as in the figure where I + 2 are gain sections and section
3 absorber, they are electrically connected after the 47 a 1 2 3
resistors, to assure that the injected current densitie are
equal. The section used as absorber was operated with an
additional, large resistor (50 kil) in series with a voltage
supply, to guarantee that it was current-controlled.

400 mlcromelrs

In Figures 2a and 2b we show the hysteresis width and lasing thre.shold, respectively, as functions of the injected
current into the saturable absorber. Different curves in these figures correspond to the cases when section 3 was used
as absorber (sections 1 and 2 connected and acting as gain section), when section 2 wa.,, used as absorber (sections 1
and 3 connected and acting as gain section) and sections 2 and 3 connected and acting as absorber (section I acting
as gain section). Great care was taken to assure that thermal effects did not affect the results. We used low
duty-cycles, and were able to reproduce the results when using even lower duty-cycles.
When sections 2+3 were operated as an absorber, the laser was not bistable for any current injected into the
absorber. Instead it showed differential gain. The threshold was high as seen in Figure 2b. This is consistent with
findings on two-section lasers [6]: a too long absorber imparts the bistability. This is contrary to simple single-mode,
mean-field theory, but consistent with more elaborate models [7].
Sections 2 and 3 were almost identical with respect to measured length and measured differential resistance. One
could thus have guessed that it should not matter which one of them is used as absorber. We see on the contrary that
the difference is very large: When section 2 was used as absorber the threshold was much higher and the hysteresis
width much larger for negative or slightly positive currents injected into the absorber. For large positive absorber
currents, the threshold currents became almost identical and the hysteresis vanished. This difference between having
the absorber in the middle or at an end facet has also been observed in another, similar laser.
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Figure 2a (left) and 2b (right) showing hysteresis width A = Ion - loff and lasing threshold Ion as functions of
injected current into the absorber. Two curves are shown for each case, corresponding to two different

measurements on the same laser (proving the results to be reproducible). The labels correspond to different biasing
conditions,for instance gsec=1 +2 means that sections 1 and 2 were connected to act as gain section and section 3

was used as saturable absorber.

Figure 3 shows the measured luminescence peak (measured just below the threshold current) and lasing
wavelengths. We see several interesting features: When a large negative current was injected into the absorber, the
luminescence peak was at high photon energies due to the high carrier density needed to have a sufficient gain to
reach lasing. The lasing wavelength was longest wh.n sections 2+3 were used together as a long absorber,
consistent with our previous [6] explanation of why bistability is not seen in lasers with too long absorbers, since in
this case the injected current to overcome the losses is high enough to induce sufficient bandgap renormalisation to
force the laser to turn-on in the transparency region of the absorber. When section 2 was operated as absorber alone
(and hence the hysteresis largest), the lasing wavelength was shortest. The luminescence peak wavelength was
considerably shorter when the middle section (2) was used as absorber than when the end facet section (3) was used
as absorber. Thus higher gain is required to switch on when the middle section is used as absorber.
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FiRure 3a (left). Measured wavelenRth of luminescence Fieure 4. The parameter K (as defined in text) versus
peak (for a current slightly below threshold) and lasing, current injected in the absorber. K is an approximate
as functions of injected absorber current. All lumines- measure of carrier redistribution upon switching.

cence spectra were recorded by measuring the light
emitted from section 1.

Figure 4 shows the parameter K = exp[(V, - V,)/2VT] versus absorber current, where V, is the voltage measured
over the absorber section before switching on, and V. the corresponding voltage after switch on. The difference
V, - V, was measured by taking advantage of the critical slowing-down effect, well known in bistable devices: A
long rectangular pulse was applied to the gain section, with an amplitude very slightly exceeding the threshold, so
that the critical slowing down was many hundred of nanoseconds. This allowed the difference V, - V. to be
measured (for identical injection conditions). The parameter K is an approximate value of the carrier
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redistribution when switching (the carrier density decreases in the gain section and increases in the absorber
section). We see that K decreased monotonically when the laser became less bistable, and that the redistribution
was largest when the middle section (2) was used as absorber.

U I|iL

Figure 5. Fast electrical set (left) and reset (right) of the Figure 6. Two-stage switching when the middle section
bistable laser, biased with a DC current to the middle of was used as absorber. The device first switched to a
the hysteresis loop. Sections 1, 2 and 3 were DC biased meta-stable intermediary level, and later, if the current
with currents of 25, 0.26 and 19 mA, respectively. The was increased, to a second level with 10 nm shorter

laser was set and reset by injecting positive and negative lasing wavelength. (The upper and middle trace show
pulses, respectively, of an amplitude of 0.35 V super- the gain current and light output as functions of time,

posed on the DC bias with the help of a high-frequency respectively, and the bottom figure shows the output
bias tee. light as function of input gain section current.)

The results presented in Figures 2 - 4 are all consistent with each other. This is to our knowledge the first report
on a systematic investigation on the behaviour of three-section lasers when the position of the absorber section is
altered. We have found that when the middle section was used as absorber the threshold current and hysteresis
width were larger, as well as the carrier density in the gain section before switching. Also the carrier
redistribution was larger in this case Wt believe that a full theoretical analysis of the phenomena reported on
here would require both the electric coupling and the multi-mode character of the device to be considered.
We have also done an experiment where the laser was DC biased to the middle of the hysteresis loop, and short
positive and negative electrical pulses were injected into the absorber section to respectively switch-on and
switch-off the laser. Figure 5 shows the detector-limited (70 ps rise time, 200 ps fall time) response of the laser.
We have not performed a systematic variation of the electric pulse energy, but for those amplitudes which we
have used no difference in switching speed between using section 2 or 3 as absorber has been seen.
Finally we show in Figure 6 the phenomenon of two-stage switching which we have observed when section 2
was used as absorber and the injected absorber current was in the interval from +0.3 to +1.5 mA. The laser first
switched on to a level characterised by a long lasing wavelength. When the gain section current was increased 2-3
mA, the device switched to a higher level, but now lasing at about 10 nm shorter wavelength. This phenomenon
was only seen when the absorber was in the middle of the laser. (When plotting Figure 3, we used the shorter
wavelengths corresponding to the highest branch).
In conclusion, we have found a large difference between placing the absorber in the middle or at the end facet of
a three-section InGaAsP 1.3 gtm bistable laser.
This work was supported by Ericsson Telecom, Ericsson Components and the Swedish Natural Science Research
Council (NFR).
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Travelling Wave Semiconductor Laser Amplifiers for
Simultaneous Amplification and Detection:
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Anders Karlsson
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Introduction

Semiconductor laser amplifiers (SCLAs) have received considerable attention in recent years due to
the potential of employing them as simple repeaters in fibre optic links for single- or multichannel,
coherent or wavelength multiplexed information; as optical preamplifiers and in local area network
type applications to compensate for insertion and power splitting losses, see e.g. [1], [2).

However, the versatility of the amplifier would be significantly increased if the amplifier could
also perform detection. This will permit this single device to perform a variety of functions such as
simultaneously tapping and amplification of the data on a high speed fibre optic data bus, cf. [3],
surveillance of input power and error rate in a repeater application and use for signal extraction,
self routing and feedback stabilization in photonic switching networks. The detection properties of
semiconductor laser diodes have been treated by several authors, e.g. Alping et al. [4] investigated
the signal registration characteristics of a GaAIAs BH/BOG laser for local area networks. They
also performed a transmission experiment at 100 Mbit/s, using the amplifier as a tapping terminal
while simultaneously obtaining a 3.5 dB net fibre to fibre gain. The comparatively low amplification
was compensated for by a large input signal (0.32 mW). Also, the FP mode of operation that was
used is not practical for systems usage; the travelling wave amplifier is preferred for reasons of gain,
output power and insensitivity to wavelength and temperature and also responsivity in the detector
mode of operation. In reference [5] we reported experimental results on simultaneous detection and
amplification in such a near travelling wave SCLA, in terms of responsivity measurements. However,
to evaluate systems performance it is necessary to perform bit error rate (BER) measurements.
Also, it is important to establish the bandwidth of the detector mode of operation.

In this paper, we report BER measurements for detected and amplified signals as well as band-
width measurements.

Theory

The small signal characteristics of the SCLA detector can be described by a linearization of spatially
independent rate equations, resulting in an electrical equivalent circuit [5], from which it follows thatJ.L. 6 1-.. .. . . . . U -4 _3 . L_. &A.- . . .A . ... . . * . :-- - r~s-t - .. !... 1--&._
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can be used to calculate the signal to noise ratio, from which one can show that the sensitivity of
the detector mode of operation is roughly comparable to a PIN-FET detector at data rates around
0.5 Gbit/s and for cavity gains around 25 dB.
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Experimental Results

Figure 1 shows a block diagram of the experimental arrangement. A tunable 1.3 1m external cavity
semiconductor laser is used as a narrow linewidth source for the transmitted signal. The light from
the source is launched into a polarization maintaining fibre and a polarization preserving fibre optic
coupler gives the possibility of monitoring the power coupled into the semiconductor laser amplifier,
which is an antirefiection (AR) coated I mm long 1.3 pm BH-laser with residual facet reflectances
of 0.07 %. The BER test is carried out by amplitude modulation of the external cavity laser light
by an AR coated Ti:LiNbQ3 Mach Zehnder external modulator. To minimize coupling losses, light
is coupled into and out of the laser amplifier by tapered lensed optical fibres.

The transmission experiment was performed at 150 Mbit/s with a modulated coupled input
optical power of 14 pW to the SOLA detector. For a cavity gain of 18.5 dB, giving a fibre to
fibre gain of 8.5 dB, the detector responsivity was 64 mV/mWi,. At the SOLA detector receiver
the detected signal was electrically amplified 58 dB and a twelve bit sequence, 000111010011, was
transmitted at a BER less than 10- 9 . These experimental results are the best ones reported to date
for this mode of operation of the SOLA. Figure 2 shows an example of a received eight bit pattern.
Comparisons between experimental and theoretically calculated sensitivities will be presented at
the conference. Employing an electrical network analyzer, the frequency characteristics shown in
figure 3, were obtained.

Conclusions

We have theoretically and experimentally analyzed the systems performance of a near travelling
wave semiconductor laser amplifier for simultaneous amplification and detection. BER's below
10- 9 were found for the detection function at data rates below 150 Mbit/s, and with a fibre to
fibre amplification of 8.5 dB. (For the simultaneously amplified signals, these bit error rates can
be achieved at multi gigabit rates; we experimentally demonstrated 2 Gbit/s.) In comparison with
the reported amplifier, calculations predict a factor of 2 increase in detection bandwidth for a 300
pm amplifier, at a 25 dB cavity gain. The mode of operation of the amplifier device we report here
significantly increases the utility of laser amplifiers in photonic transmission and switching systems.

The authors gratefully acknowledge K. Bergvall for the AR coating work, L. Atternis for pro-
viding the external cavity laser and L. Gillner for the laser amplifier model with computer program.
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Semiconductor optical waveguide switches are critical elements in photonic
integrated circuits for optical signal processing - - optical communications. In
laige-scale applications where many devices must be fabricated on a single
wafer, it is essential to minimize the length of each switch. Bulk semiconductor
waveguide switches based on the linear electrooptic effect typically have lf igths
on the order of a millimeter. This size is due to the smallness of the linear
electrooptic coefficient r. In GaAs- and InP-based compounds at wavelength
X-1.55 pm and applied field E= 10 V/pm, the length needed to acheive a ir

phase change /f iX/(2ngr 4 1E) is -1.3 mm. Directional coupler switches require
coupling regions at least / 3 larger than I.. In this paper we demonstrate a
semiconductor electro-optic directional coupler switch with device length under
600 pam. We achieve switching in short lengths by making use of the large
excitonic electrorefraction associated with the quantum confined Stark effect in
InGaAsP qu"intum wells [1). Quantum well waveguide switches also have a
unique advantage in that they can be designed to provide optimum device
performance at a specific wavelength. In particular, control of the bandgap
through quantum well thickness and InGaAsP composition allows us to
maximize optical phase modulation while minimizing absorption loss and
:ntensity modulation at 1.55 pim, a wavelength of interest for optical fiber
.- i.munications.

Devices were fabricated from a p-i-n waveguide structure grown by organo-
metallic ,apor phase epitaxy. Ten InGaAsP/InP quantum weU layers are
centered in the 1.135 pm thick intrinsic core regio,. The 85 A thick wells are
formed f- m InGaAsP and the InP barriers are 250 A thick. Strip-loaded
directiona couplers are formed by wet chemical etch of the upper InP cladding
layers. A schematic of the switch is shown in Fig. 1. Both the electrical and the
optical fields are confined under the ribs. Switching characteristics are
determined by end-fire coupling TE-polarized light from a 1.55 pm
semiconductor diode laser into the device via a microscope objective. The input
ports of the switch are laterally separated by 20 pm. IR TV cameras monitor
the near-field output intensity pattern as well as the the input face of the
switch, to ensure good input coupling. Bias voltages are applied between one
arm of the coupler and the substrate, such that the field is along the 001
direction normal to the quantum well layers. Reverse breakdown voltages for

individual ribs are 25 - 30 V at 1 1A.
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Figure 2 shows the photocurrent spectrum as a function of reverse bias
voltage for a large-area p-i-n diode formed from the same wafer as the switch.
The clear red-shifting of the ground state excitonic peak with voltage indicates
that we have high-quality quantum wells with low impurity concentration in
the intrinsic part of the diode. These spectra illustrate electroabsorption
features which are desirable for a quantum well electro-optic phase modulator
utilizing the quantum confined Stark effect: first, large red-shifting of excitonic
absorption above the bandedge, which produces a large positive change in
refractive index at the below-gap wavelength of operation [1], and second,
negligible absorption and electroabsorption at the wavelength of operation.

Figure 3 shows the output near-field intensity pattern of a switch with a
570 pum long coupling region. At 0 V bias to the input guide (on the right),
maximum power transfer to the coupled guide (on the left) occurs. Optical
switching is acheived by reverse biasing the input guide, causing an index
change in that side and destroying the phase match condition for coupling.
Light then emerges from the input channel. At -12 V, the relative output power
from the coupled guide is reduced to 56 percent, and at -22 V most of the light
(76 percent) emerges from the right clannel. Since the output cleave is located
in the strong coupling region of the switch, there is still significant overlap of
the modes and this somewhat limits the measured extinction ratios.

In summary, we have demonstrated the first application of excitonic
quantum well electrorefraction to a directional coupler switch. The device
operates .%t 1.55 pm and is composed of InGaAsP/InP, the most promising
material system for monolithic integrated optics in the wavelength range 1 to
1.6 pm. The fabrication techniques used here are extremely simple and
improvements in device performance can be easily effected. For example,
switching voltages will be reduced by at least a factor of three by decreasing the
thickness of the intrinsic region. Finally, it is important to note that these
switches are operated under reverse bias and that there are no dopants in the
quantum wells. Thus, unlike switches which employ current injection [2] or
doped quantum wells [3], we avoid both the speed limitations imposed by carrier
recombination times and absorption losses associated with carriers in the
quantum wells.
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[1] Schematic of strip-loaded
directional coupler.
QW=quantum well region,
t1ib width S=2 pm, gap G=2.5 pm, length
of coupling region=L,.
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[3] Near-flield intensity pattern of
switch output monitored by IR
video system. Lc-570 pm.

-Bias is applied to the input
1.35 1.45 1.55 -side (on the right): top, OV;
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[2] Photocurrent spectrum at 5, 10 and 15 V
reverse bias.
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HIGH GAIN OPTICAL TRANSISTOR RESISTANT TO PUMP INSTABILITY

A.A.Maier

Institute of General Physics, Moscow, USSR

Self-switching of light in nonlinear systems with unidirectional

distributely-coupled waves (UDCW) (predicted in [1-41 for the whole

class of such systems) consists in a sharp change of the ratio of

output intensities of waves caused by a slight intensity change of
one of the input waves. A new class of optical transistors based on

this effect was first suggested in [1,51. The UDCW are well known

[1,3]: waves in tunxelly coupled optical waveguides (TCOW); waves
with two orthogonal polarizations in an optical waveguide (TE, TM-
waves) or in a crystal; unidirectional waves under Bragg diffraction

in a periodic structure and so on. For the particular case of
launching of light into one of identical TCOW the self-switching of
light was also predicted independently in [6]. Equations [i]:

i " a + KA1exp(i.tz2Va)= -9o Ao 2AO
-9A1  (I)2A

i - 1 + KAoexp(-icz2'4A)= -811A 2A(1

(wheredo5l-o, A=(P0+ 1)/2) for amplitudes (Aj=pjexp(ij)) describe
light self-switching not only in TCOW, but also in other systems wi5

UDCW for which the corresponding equations are similar to (1), differ
from them only slightly in the nonlinear part and jan be easily re-

duced to (1) by a trivial substitution.

Solution of (1) for the general case when the both waves (J=O,1)
are fed in the system with an account of the nonidentity of UDCW
(4j0, 0oi61) hap the form [7):

SJa+JdP/Q)+(JdP/Q-Ja)cn( ,r)

where JJ=l,/IM are normalized intensities, IM=8K/190+8 11 is critical
intensity, I =[A 1 (z=O)=Rj, J.(z=l)J l,  (z=O)=I 1 (z=l)=

=Tjl,Y=( l-=9o+'z2 / ^fo=*f(z=O), i=s+P(Tr).n, n=±1, s=2 ;'L, L=
=2l/M , T=2arcctg[Q(Ja R1)/P(R1 _J)] , r2 1-r 2 =r2=( (J -j )2 -(p.

-W)2j/4&44, k"=ika-db)kJa-jc), QinJd-Jb)(Jd-Jc), JaJbJcJd are the
roots of equation -(J-R )2 (Ro-A/2-j)2-(J-R ) (Ro-A/2-J)j sign( ()

coS 0 0+Ro(J-R 1 COS 2 0o)/4-J(J-R1 )/4=0, A = T +2(ad/oS)(Ro+Rl), n =sign(@s)

4J/Kf 0s=( 0o+@% )/2, Od=c(8-0o)/2t
n=±1 is determined by the sign of sinyo.0
For identical UDCW (=9O, 90=8i=) [3]:

Jo, 1 ;I=(Ro+R1 )/2tVF+cn( , r),
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where s=2LID -V, '=arccos[(Ro-R 1 )/20-j, r12=1-r2=-J+-)D .

R1)2 _(!+V'I)2/41/4, D=16RoR1-8'-O1Rsign(@)coSVo+1.2

Self-switching arises when exp(s))> 1 and rl (that is Ir112< 1)

or, more exactly, when j rI12 < 16exp(- ).

Let's assume Ro is pump, RI is small variable signal: R1 << R.

Conditions of self-switching are reduced to exp(L) > 1 and Ro  ,

( 1-Ro, I I<< 1) or, more exactly, i d+ Al I 8exp(-L). Then at

RI= R (j)=[4exp(-L)-m(6+ A)/2- 8/21 2cos-2 to  (3)
1 1M 0

(where m=T1 corresponds to j=0,1; 161 < II ; cos 2V o --1) we have
ill=max-Ro 0 ol =minz0 (if J=O, m=-1) or J11=minzO, Jol=maxzRo

(if J=l, m=1).

R0  Let's assume Rl M)=O. Then under mcos_ Y>0

> 6 and E =0 a signal with R1"R 1max "[3exp(-L)]
24l

has to be amplified linearly (see Fig.1) with
amplification coefficient (gain of optical

-3transistor):
0S 

0 /8 1 =aJ 01/)Rfmcos2 %Yexp(2L)/25, (4)Fig. I. L=2YL ; ks= o/=Jo lR1co 1o0p2)/5 04
1ig.I L=2~IEY; which is much higher (in -exp(L)/3 times) tha
4-6: Y,=in the case [2] when the ptimp and the signal
4-6: m-,T=

1,6: -0.00I; are fed in the system as the same wave (R1=O).

For instance with L-2rt and cos2 vo=1, E =0,2, 5: FO= ; 
4 03,4: &=0.00I according to (4) we have ks"104 whereas in

the case 12] we have only 91ol/1Ioo-exp(L)/8-70. Under RI1( =0 with
6>0 at small R14 Rlmax 1K aI is even greater than that with 6=0.

If RWJ)=O and E =0, Rl~Rimax , then amplification of variation

of pump intensity is estimated by BIol/aIo V (exp(L)/8)VR1/Rmax •

Thus at cos 2 y _1 the signal variation changes output radiation

power in > (exp(L)/3)JRlma/R 1 times stronger than the same power
variation of the pump. So the requirement on the stability of the

pump power for this optical traniistor is in > (exp(L)/3)VR 1max/Rl'
times less than in the case [2].

[i]. A.Aoldaier. Kivantov. Eiektron.,9 2296 (i982). [2]. A.A.hlier.

Kvantov. Electron., 11, 157 (1984). [3]. A.A.Maier. Izv. AN SSSR,

Ser. Phys., 48, 1441 (1984). [4). A.A.Maier. Kratk. soobsch. pc

fizike, PIAN, No 12,20 (1984). [5]. A.A.Maier. USSR Inventor's Cer-

tificate No 1152397 (1982). [6]. S.M.Jenaen, IEEE J. Quantum Elect-

ron. QE-18, 1580 (1982). [7). A.A.Maier. Preprints of Inst. of Gen.

Phys. No 153, No 351, Moscow (1987); Opt. Eng. Journal of SPIE,

to be published.
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HDTV PHOTONIC SPACE-DIVISION SWITCHING SYSTEK USING 8X8
POLARIZATION INDEPENDET LiNbO3 MATRIX SWITCHES

S. Suzuki, H. Nishimoto& M. Iwasaki:. S. Kajitani', K. Kondo
M. Shikada-, M. Ashibe and F. Akashi

C&C Systems Res.Labs. *Opto-Electronics Res.Labs. **C&C Infor.Tech.Res.Labs.
NEC Corporation, 4-1-1 Miyazaki, Miyamae-ku, Kawasaki 213 JAPAN

1. Introduction A photonic space-division switching system guarantees
transparent connection between two optical transmission media, and hence, it
can provide various broadband services simultaneously, including high-
definition TV (HDTV). NEC ha already reported 32-line photonic space-
division switching systems I, using 8X8 LiNbO3 matrix switches. In these
systems, however, optical polaization-maintaining fibers were used as
subscriber lines, owing to polaization dependency in LiNbO3 matrix switches.
This paper reports the first 8X8 polarization-independent LiNbO matrix
switches and an advanced photonic space-division switching system usng these
switches. The system can use ordinary optical single-mode fibers as
subscriber lines, and provide HDTV distribution as well as TV phone switching
services.

2. Polarization independent 8X8 matrix switch The first strictly non-block
8X8 polarization independent matrix switch has simplified tree structure and
consists of four 4X4 polarizatio,.i independent matrix switches 3 , four 1x2
switches and four 2X1 sw4.tches, as shown in Fig. 1. For this matrix switch, a
polarization independent directional coupler switch element driven by
uniform AB was chosen considering its low rwitching voltage. The directional
coupler has 8 pm waveguide width and 6 zm gap. On the other hand, 10 m bend
waveguide width, which was gieater than that of the directional coupler, was
adopted to reduce the bending loss. Fiber to fiber insertion loss, crosstalk
level and switching voltage arc 8-13 dB, less than -15 dB and 90 volt,
respectively.

3. System design The 32-line photonic switching network, shown in Fig. 2, are
devised for providing both TV phone and HDTV distribution services. A 3-stage
switching network, which is a blocking network and requires reduced number of
matrix switches, is used to provide TV phone services. However, in HDTV
distribution services, non-blocking connection has to be guaranteed.
Therefore, 4-channel HDTV signals are led to the 3rd-stage switches through a
1X8 external optical splitter to distribute the signals to multiple
subscribers up to 32 without any blocking.

Figure 3 shows an 8X4 polarization independent matrix switch for 3rd-
stage switches, which must guarantee point-to-multi point connectivity to
provide HDTV distribution services. Therefore, a passive splitter/ active
selector structure4h5 4X4 matrix switch, whose loss is less than 15 dB, is
integrated with a 4X4 matrix switch for TV phone services, whose loss is less
than 9 dB.

4. Experiment Part of the photonic switching network, shown in Fig. 2, has
been made and used to distribute HDTV signals and to exchange 100-Mbps TV
phone signals. The HDTV analog signal from a camera or VTR is encohed to
3..4-Mbps 19-paraliel digital pulse streams by a TCI (Time Compressed
Integration) encoder . These parallel signals are scrambled and converted to
a 780-Mbps serial signal including frame synchronization bits. The 780-Mbps
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signal is converted to an optical signal by an electro-optical converter
(E/O). The optical signal is distributed through an optical splitter and the
3rd-stage switch, and it is converted to an electric signal again, using an
opto-electronic converter (O/E). This signal is converted to parallel
digital signals and descrambled. Finally, these digital signals are converted
to analog HDTV signals by a TCI decoder and sent to an HDTV monitor.

Output power of the E/O was 0 dBm. Optical loss of the external splitter,
using fiber couplers, and 3rd-stage switch were 10 dB and 13 - 15 dB,
respectively. The 10 - 12 dB levels were obtained as system margins with
several meter-optical fiber subscriber lines. Therefore, it can be concluded
that 6 - 8 dB system margins with 2-Km subscriber lines are possible. These
values are practical enough for real application. As for TV phone services,
total insertion loss of the 3-stage switching network was 28 - 33 dB. Output
power of the E/O in a TV phone terminal was 2 dBm. The 9 -14 dB levels were
obtained as system margins with several-meter fibers. Therefore, 5 - 10 dB
system margins with 2-Km subscriber lines are expected.

Figure 4 shows a phctograph of the experimental switching network. Owing
to polarization independence of matrix switches, tape fibers can be attached
to switch modules and optical wiring is simplified. A photograph of the HDTV
switching demonstration display is shown in Fig. 5.

5. Conclusion A photonic space-division switching system was fabricated using
8X8 polarization independent LiNbO matrix switches. The switching system is
successfully operating in distributing HDTV signals and exchanging TV phone
signals, which are transmitted through ordinary single-mode fibers.
Therefore, the photonic space-division switching system using LiNbO3 matrix
switches taked a step forward for practical use.

References (1)S.Suzuki et al. OFC/IOOC'87 WB4 (2)T.Sawano et al. GCOM'87 51.5
(3)H. Nishimoto et al. Electron. Lett., vol. 23, p. 1167, 1988
(4)R. E. Spanke, IEEE J-QE-22, No. 6, June 1986, P. 964
(5)K. Habara et al., Electron. Lett., vol. 21, P.631, 1985
(6)M. Ashibe et al., 2nd HDTV Workshop
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Fig. 1 Polarization independent 8X8 matrix switch
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INTRODUCTION

Integrated optics space switch arrays have received much attention in recent years due to their ability
to route information practically irrespective of its frequency contents -and coding format ("frequency and
code transparency"), in marked contrast to electronic switches i . Several polarization dependent switch
arrays have been demonstrated : crossbar switches 2.3 as well as lattice4 and tree6 structures; recently
duobanya'n structures6,7 .

For polarization independent switches, only sizes up to 4x4 have been reported"'; polarization inde-
pendent switches are in general characterized by a voltage length product which is at least 3 times that
of polarization dependent switches. The polarization independent switches allow interfacing to standard
single mode fibers and greatly increases the scope for systems applications in switching as well as trans-
mission.
In this paper we report a systems experiment with a packaged polarisation independent 4x4 switch
matrix'. Bit error rate measurements are carried out for 2 Gb/s input signals; the performance is stud-
ied for varying optical powers through the matrix as well as with an interfering 34 Mb/s signal from a
commercially available system, which is interfering with the 2 Gb/s signal by deliberately increasing the
crosstalk in the signal path.

EXPERIMENTAL SET UP
Fig 1 shows the setup for the experiment. The 1.3 pm OW laser signal is modulated at a 2 Gb/s

rate by an external modulator (Mach-Zehnder modulator) and connected to one of the matrix inputs.
The matrix is controlled by a computer via a control interface in which the serial stream of digital data
defining the state of the matrix is converted to the pertinent electrode voltages. The 2 Gb/s-signal is
routed to one of the outputs and is then detected, amplified and fed to a BER-test equipment. The
bit pattern is a pseudo random pattern of length 21'-1. Through another path in the matrix a 34 Mb/s
disturbing signal (alternating one's and zero's) is led giving crosstalk in the 2 Gb/s-stream. The crosstalk
was varied by partial switching of two of the crosspoints in the niatrix to investigate the effect of the

crosstalk on the system performance. Fig 2 shows a photo of the packaged matrix. The matrix package

is a sandwich construction of alumina and printed circuit board for interfacing to the electronic control
system. Standard single mode fiber were attached to the LiNbO3 -chip by using UV-curing acryl at the
chip edge and at a secondary support. Additionally, a strain release was used at the package wall.
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RESULTS OF SYSTEMS MEASUREMENTS

Data for the packaged matrix: The insertion loss of the packaged matrix was measured for all 16
input-output combinations. For the TE-mode the average loss was 10.7 dB with a standard deviation
of 1.3 dB and for the TM-mode the average was 10.4 dB, standard deviation 1.4 dB. These rather high
loss figures are probably due to insufficient substrate quality, which deviates from previous batches. The
crosstalk was fully characterized (288 measurements) giving crosstalk of less than -35 dB with equal
excitation in the TE- and TM-polarizations. The switch voltage of a crosspoint, defined as the maximum
voltage shift when switching between cross- and bar-state ( all six electrodes shifted) has an average of

50 Volts for the 24 switches (crosspoint length 4.3 ram).
In fig 3 results of BER-measurements are shown. The curve to the left corresponds to transmission

from the transmitter directly to the reciever. The next curve corresponds to the case where the signal

is routed through the matrix, with the disturbing 34 Mb/s signal switched off and with the disturbing
signal at an average of -57 dBm ( this corresponds to the normal crosstalk of the matrix). No difference
was seen between these two cases, however a penalty of approximrely .5 dB relative the first curve was
encountered. The third curve corresponds to a disturbing signal level of -27.5 dBm, corresponding to
-10(-11) dB crosstalk. Only a degradation of approximately 1 dB of the reciever sensitivity results even
for this large crosstalk. Fig 4 shows the eye-diagram for 2 Gb/s transmission through the matrix with a

BER of <10 - ".

SUMMARY

We have demonstrated high speed (2 Gb/s), low bit error rate transmission through a 4x4 packaged

polarization independent switch matrix, connected to standard single mode fibers. The influence on
transmission quality of inserting the matrix was very small. The influence on BER of the 2 Gb/s
channel by an interfering 34 Mb/s video channel, introduced into the 2 Gb/s bit stream by deliberately
increasing the switch array crosstalk, was also examined. Further data, including more comprehensive
BER measurements will be reported. Stability will be discussed. This work was partially carried out

within the RACE OSCAR project.
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Comparison of Linedr and Reflective 4x4 Ti:LiNbO3 Switch Arrays
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Plessey Research Caswell Ltd
Allen Clark Research Centre, Caswell, Towcester,
Northants, NN12 8EQ, UK

Recently several alternative architectures for integrated optical switch
arrays have been investigated experimentally using the Ti:LiNbO3 material
system [1,2,3,4). All these architectures lead to chips with very large
length/width ratios, owing to the large radius of curvature required for
low-loss Ti:LiNbO3 waveguides, all require separate optical fibre interfaces
at the input and output facets. A reflective switch architecture [5]
relaxes the first constraint, allowing more effective use of substrate area,
and permits a single fibre array to be used for both input and output,
thereby potentially reducing assembly costs and providing a more convenient
package. We have fabricated small 4x4 switch array modules to compare the
reflective and linear architectures.

Both the reflective and the linear devices employ X-propagating titanium
indiffused waveguides in Z-cut lithium niobate. The patterned metal, 7um
wide by 750A thick, was diffused for 10 hours at 1050 degrees C, to make
waveguides suitable for operation at 1.3um wavelength with TM polarisation.
Aluminium electrodes were deposited over a 2500A Si02 buffer layer. In
order to reduce electrical interface and control complexity, only one live
connection was provided to the reverse delta-beta electrodes, rather than
the two cor.nections required to access both uniform and reverse delta-beta
states of the switch.

The device layouts of the linear and reflective arrays are shown in figure 1
and figure 2 respectively. The length of the arrays is determined by the
bending radius (40mm), the switch gate length (6mm) and the crossover angle
(6 degrees). These parameters were chosen on the basis of earlier
experiments to yield low loss, drive voltage and crosstalk. For the
reflective array, the reflectors are formed by electro-optically tunable 3dB
reflective couplers, shown in figure 3. For convenience, the reflective
couplers were identical to the switching gates in the matrix. The various
contributions to the total length in each design are summarised in table 1 :
the linear array is 62mm in length, whereas the reflective array is 53mm.
This can be reduced to 48 mm if the electro-optic coupler tuning is replaced
by passive tuning - either by suitable directional coupler design, or by
passive trimming of the coupling length [6].

The single-pass insertion losses of the two designs were measured with
respect to a York VSOP type HB1250 fibre without a reflector in either case.
For the linear array, the reflection-corrected loss varied between 5.5 and
6.5dB according to path. corresponding to a propagation loss of 0.7dB/cm and
an excess loss compared to a straight waveguide of between 1 and 2dB for the
array. For the reflective array, the propagation loss was again 0.7dB/cm,
and the exces loss for the array varied between 2 and 5dB. The additional
path-dependent loss corresponds to the loss of the waveguide crossovers and
may be reduced by using crossovers optimised for low loss. The average
operating voltage and crosstalk values of the two designs are compared in
table 2. It can be seen that the voltages for the two designs are
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comparable, despite the linear design being nearly 30% longer than a
reflective design where passive reflectors are used. The length advantage
of the reflective design can be used either to reduce switch operating
voltages, or to increase the size of switch array which can be integrated on
a single substrate.

The switch chips were glued to a copper carrier a8. wire bonded to a printed
circuit board for connection to the electrical controller. The optical
interface employed polarisation maintaining fibres (York VSOP type HB1250)
oriented in silicon V-groove arrays.

In summary, we have compared linear and reflective Ti:LiNbO3 switch arrays
and shown that a reduction in length and interface complexity can be
obtained by adopting a reflective architecture.

We would like to acknowledge the assistance of R Gibbs, J Hendy, E Hindson,
F Randle and M Owen in the fabrication of these devices. This work was
part-funded by the Commission of the European Communities under the RACE
programme.
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LINEAR ARRAY REFLECTIVE ARRAY

Couplers 7x6mm = 42mm 4x6mm = 24mm

Connections 6xl.3mm = 8mm 3x4mm = 12mm

Inputs 2x6mm = 12mm lx6mm = 6mm

Reflective Couplers nil 11mm

Total 62mm 53mm

Total with passively 62mm 48mm
tuned reflectors

Table 1 : Comparisor of linear and reflective switch array lengths
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Linear array Reflective array

V cross 14V 15V

V bar 34V 31.5V

V switch 20V 16.5V

Crosstalk 20dB 23dB

Table 2 : Comparison of linear and reflective switch operation

Figure 1 : linear array

Figure 2 : Reflective array

"-----"3 dB coupler

Polished
reflecting
end

Figure 3 : Reflector design employed in this work

176



FE4-1

Small-Size, Low-Crosstalk GaAs/AlGaAs Electro-Optic
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There has been a growing interest in optical switches made of III-V

semiconductor coi.apounds for photonic switching systems, because of their large

scale integration capability and their ability to be integrated mith other

semiconductor devices, such as optical amplifiers and electronic circuitry. A

GaAs/AlGaAs electro-optic directional coupler (EODC) is attractive as a switch

element for integrated matrix switches, because of its low absorption loss at long

wavelength region (X=1.3-1.55pm), fast switching speed, low electric power

consumption and wavelength independent operation capability. Recently,

extremely low loss passive GaAs/AlGaAs waveguides, with 0.15 dB/cm propagation

loss [1] and a GaAs/AlGaAs EODC with submillimeter device length [2], have been
reported. Although these results encourage us to study on GaAs/AlGaAs EODC

matrix switches, the coupling length controlability problem still remains to be

solved. Since the couphing length control becomes more difficult, as device size

becomes smaller, solving this problem is essential to allow GaAs/AlGaAs EODC to

realize integrated matrix switches, in which coupler length is fixed.

This report describes small size GaAs/AlGaAs EODC switches, with complete

switching of light without a requirement for an exact device length (L) to coupling

length (l) ratio by using the alternating AD technique [3]. Devices have been

acheived with crosstalk as low as - 16 dB, 16 V switching voltage at X= 1.3 pm, and

0.8 dB propagation loss.

A drawing of the GaAs/AlGaAs EODC with alternating A43 is shown in.Fig. 1.
The 2mm device length was chosen'to realize a 4X4,matrixswitch with less than 10

mm device length. Relatively thin GaAs guiding layer, 0.2 pm thick, and relatively

high Al composition ratio, 0.5, in AlGaAs cladding layers were chosen to obtain high
electric field and strong overlap between electric and optical'fields. The p--AGaAs

cladding layer is inserted between the p--GaAs guiding layer and the p-AlGaAs top

cladding layer, in order Io maintain each individual waveguide electrically
independent. Here, the thickness for each layer was designed to give single-mode

conditions up to 3 pm waveguide width at X= 1.3 pm, when rib etching reaches the

p-AlGaAs - p--AGaAs interface (i.e. when etch depth t = 0.8 pm).
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The 2 mm-long p-side electrodes are divided into two equally long (1 mm-long)

sections, as shown in Fig. 1. So, the asynchronism of AD with equal ma-nitude, but
reversal sign, can be introduced. In the single step A43 reversal EODC, like the

configuration indicated in Fig. 1, both®x -state and ® -state are always available, if
L/q0 value ranges from 1 to 3 [3]. So, an exact L/10 ratio is not required in this

configuration, unlike, the requirement for a uniform AD configuration.
EODCs with various waveguide widths (w = 2-3.5 pm) and various

waveguide distances (d = 1.5-2.5 pm) were fabricated on an MBE (Molecular Beam

Epitaxy) grown wafer by using conventional photolithography technique and C12

RIBE ( Reactive Ion Beam Etching).

Switching characteristics for the EODC, with w=2 pm, d=2 pin, and t=0.9

pmo, are shown in Fig. 2. Both®-state and 0- -state are obtained at V = 13 V and V
= 29 V, respectively, under the alternating A3 operation, as shown by the solid

lines. On the other hand, under uniform A3 operation, complete switching can not
occur, as indicated by the broken lines in Fig. 2, because L/10 is not an odd integer. In

this device, measured coupling length was 0.90 mm. Measured crosstalk values for
the®-state and 5 -state are -14 dB and -15 dB, respc4 tively, under alternating

A13 operation. Propagation loss was evaluated by measuring the finesse of the
Fabry-Perot waveguide resonators, formed by cleaving two opposite ends of

waveguides [1]. Measured propagation loss was 0.8 dB/2 mm, which is coincident
with calculated free-carrier absorption in the p- AlGaAs-and n- AlGaAs cladding

layers. Absorption loss calculation indicates that further layer structure

)ptimization could reduce the propagation loss. Switching bandwidth, measured by
a - - -t frequency technique [41 ,was 1.6 GHz, which is also coincident with the 1.8

1  ted value.

Switching characteristics for another EODC with w = 2.5 pim, d = 1.5 pm and t
- 0.9 pm, are shown in Fig. 3. Since coupling length in this device is 0.73 mm, and

then L/I1 is close to 3, switching occurs even under uniform AD operation. However,

alternating AD operation gives better crosstalk than uniform AD does, as shown in
Fig. 3. Measured crosstalk value for the(®-state and @ -state are -16 dB and -15

dB, respectively, under the alternating A3 operation.
In conclusion, excellent switching characteristics for small size GaAs/AlGaAs

directional couplers have been obtained, without the requirement for precise device
dimension control, by using, alternating AD1 technique. The results help to realize

low-loss, high-speed GaAs/AlGaAs EODC matrix switches for-long wavelength.
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Switch Matrix with Semiconductor Laser Amplifier
Gate Switches: A Performance Analysis

Mats Gustavsson and Lars Thyl6n
Ericsson Telecom AB, S-126 25 Stockholm, Swec4en

Introauction

Integrated optics space switches have attracted considerable attention in recent years [il, 121 due to their
ability to switch (route) information in a practically frequency and code transparent-fashion, making them
a natural extension of the optical transmission medium, the fibre. Important applications in the future
transport network (optical crossconnect etc) are envisioned. This frequency transparency is to a large extent
shared by semiconductor laser amplifiers (SOLAs) 13I. In addition, these amplifiers can offset the losses that
plague matrices based on "passive" switching mechanisms, such as electro-optical or plasma, whether they
are implemented in LiNb03 or semiconductors. Thns, in a proposed structure according to figure 1, the
SCLAs can be used for space switching 141, implementing ai optical SDS and, if the time switching feature
is used, for STM or ATM switching, with the appropriate electronic interfaces.

The use of SCLAs as switch points further enables nonoptical [51 means for feedback stabilization of output
power, under varying input polarization 161, and, to a degree, wavelengths aud input power. Furthermore,
the simultaneous detection and amplification properties 151 can be used for self routing of data packets by
attaching headers to the packets and introducing suitable guard bands. In addition, the transmission can be
surveilled. The switch of figure 1 can thus be viewed as constituting an intelligent, multifunctional switching
fabric with a variety of systems applications.

This-paper presents detailed calculations, based o)n the formalism of references 171 and 181 for such switch
matrices of the tree structure based on SOLA gate switches. Attainable matrix sizes are given in terms of
required signal to noise ratio (SNR), waveguide losses and for different input power levels; taking the optical
bandwidth into account for a given data rate, while requiring that the insertion loss of the matrix be 0 dB.

Theoretical Model

According to the matrix architecture of figure 1, light lesses for the worst case signal path as.a function of
propagation distance are given by

W'N i
L(x) caw[zH(x) - (x - xtt)H(xs- xt,,t)] + 3>H(x- N -1- 2'-1]!) +

/=1 i=1

LMH(z - I(N - + ( - 1)A1) + LmH(x -(N -2N N N _ I)A + N(N ,2)sl) +
i2 22

IdN N
2

3 E H(z - [-A + N(N-2)s+ (N-- 1 + 2'-')-).
"=1 i=I

Here,-the terms on-the right hand side originate from wavegvide lossef, (loss coefficient an'), power splitting
losses due to the 3_dB splitters and the two meirrors in the signal travelling path, each of which initoducesa
loss LM. The nimber of matrix inpbts and outputs is denoted by N, the total propagation dist.ance by xz,,f

Since the incoming optical signal might be rather weak (it should be possible for an optical signal.with
a power on the order-of I pW -to pass the matrix), an SCLA at the matrix input amplifies flie signal. A
sufficienit number of SOLAs.are then placed in each-signal path to meet the requirement of % total insertion
loss offO dB. With increasing waveguide losses the magnitude of optical amplification of; course -increases,
resulting in a larger variance of the number of output- photons and thereby a larger degradation of the
SNR. Therefore, it is important to analyze which -waveguide loises are tolerable for a given mtrix site and
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information bandwidth while retaining a good signal quality, defined in terms of a certain SNR at the matrix
output. The analysis, based on the formalism of refe:rences 171 and 181, takes into account sig.%al shot-noise,
spontaneous emission shot noise, beat noise between signal and spontaneous emission, beat noise between
spontaneous emission components and signal excess noise.

Computational Results

Figure 2 shows the required number of SOLAs in the signal propagation path for a 32x32 matrix when the
maximum SOLA gain is 20 dB. Acceptable waveguide losses for three different matrix sizes (8x8, 16x16,
32x?2) and two noise bandwidths (10 nm, 40 nm) are presented in figure 3. The calculations shown include
two optical input power levels, 1 pW and 10 uW, and the information bandwidth is 1 GHz for all cases.
Now, consider the caae of a 32x32 matrix with an input power of 1 uW and the 40 nm noise bandwidth.
It can be seen from figure 3 that with the requirement of an SNR better than 20 dB at the matrix output,
the waveguide losses must not be greater than about 1 dB/cm, which is a reasonable demand on waveguide
fabrication. In this case three laser amplifiers are needed in the signal path. Having a larger input power of
10 uW, an SNR of better than 30 dB can be achieved at the matrix output for the noise bandwidth of 40
nm if the waveguide losses are less than about 7 dB/nm. Note that no optical filtering has to be employed.

Conclusions

Detailed calculations have indicated the feasibilty to make SCLA tree structure switch matrices up to 32x32
in size with an output SNR of 20 dB, and an optical input power of I pW for 0 dB insertion loss; at a data
rate of I GHz and without optical filtering. Clearly, the fabrication of such matrices will be dependent
upon progress in semiconductor processing. Further, these matrices would be wide bandwidth (> 1 THz),
imply relaxed requirements on waveguide fabrication, where the reasonable loss requirements increase yield
and flexibility in waveguide fabrication. The use of SCLAs also enables implementing, in a nonoptic way,
polarization independence and reduced 3ensitivity to wavelength and input power variation. Finally, the
simultaneous amplification and detecting properties of the amplifiers can be used for self routing of data
packets.

Extensive simulation results as well as implementation aspects will be discussed. Preliminary results on
integrated amplifiers and passive waveguides will be presented. We acknowledge discussions with.M. Janson.
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-------- Figure 1. Matrix structure.
_______Here, an 8x8 matrix is shown as

< M an example. The geometrical
parameters are defined in the figure.
SOLA gate switches are pl&.ced, n h

2 signal paths (not shown). .At two
positions in each path the light changes

3 propagation direction 900 which is
< 3 achieved by employing e.g. mnirrors.

Figure 2. Number of required amplifiers in the
worst case signal path of a 32X32
inatrix for 0 dB insertion loss, as
a function of waveguide losses.z
Maximum SOL-A gain is 20 dB,;
Lm = 1 dB, and the geometrical
parameters are A = 20,pm, a = CO~jpm
and 0 40V Waveguide losse (dB/cm)

Figure S. Allowed waveguide losses, for specified I

outpvt SNRs, as a function of matrix
site. The solidl'ines represent 1 juW
input power with a required 20 dB output a \ \
SNR for noise bandwidths of 10 niin and .

40,. **. *Vl.ll f~t

represent 10jpW input power with a
required output SNR of 30 dB for noise ~ I-
band1widths of 10 nm and 40,nm, . . ----

respecively.Numlber of matrix inputs
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A LINEAR TORSION-HINGED DEFORMABLE MIRROR DEVICE
FOR OPTICAL SWITCHING

R. Mark Boysel, T. Gus McDonald, and Jeffrey B. Sampsell
Texas Instruments Incorporated
Central Research Laboratories

Dallas, Texas 75265

SUMMARY

We have designed and built a long linear deformable mirror
device (DMD) spatial light modulator (SLM) suitable for free-space
or optical fiber switching. Texas Instruments has developed an
evolving family of deformable mirror devices including both linear
and area array devices.(l,2,3) All of the devices have in common
an aluminum mirror suspended by thin cantilever or torsion hinges
over an air gap, thereby forming a capacitor with the underlying
electrode. When a voltage is applied to the electrode, the
grounded mirror is electrostatically attracted to it.

The DMD we report on consists of a linear array of mirrors
with torsion hinges suspended over a 5.4 micron air gap. The chip
contains elements of several designs, all of which are bistable.
That is, the underlying electrode structure allows the reflecting
elements to be tipped in either direction. In this paper we
describe the performance of a 2 mil square element rotated by 45
degrees to the chip axis and hinged at opposing corners (Figure
la). The mirrors are spaced 10 mils apart for optical isolation and
to permit easy alignment to optical fibers. Although the elements
can be operated in an analog fashion, for switching applications it
is preferable to apply a voltage sufficient to fully deflect the
mirror. This voltage is geometry dependent, varying with air gap
width, electrode area, and hinge dimensions. The reflecting
elements described here have a maximum deflaction angle of
approximately 8.5 degrees and a full-deflection voltage of 21 volts.
Other mirror geometries permitting even larger deflections are on
the chip and are being characterized.

Figures lb and lc compare two reflecting elements one deflected
and one undeflected. Figure lb is a bright field micrograph of the
elements. The light reflected from the deflected pixel is thrown out
of the aperture of the 1OX objective used to take the photograph, so
it appears dark. Figure ic is a dark field photomicrograph of the
same two elements. This time the light reflected off the deflected
element enters the objective. The resulting flare in the photo
indicates that the dynamic range available with a single mirror
exceeds that of the film. Figure id is an interference micrograph
of the deflected element at a higher magnification. (The 11 micron
tip to tip deflection of the mirror exceeds the depth of f . f
the microscope, but the interference fringes can still be discerned
on half the mirror.) The wavelength of the illumination is 5400 A,
so one interference fringe corresponds to 2700A. The approximately
20 fringes along the center to tip distance of the deflected element
indicate 5.4 microns of deflection, which corresponds to 8.7
degrees, or full deflection.

In order to measure the switching efficiency of the DMD, we
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used an acoustooptic light modulator operating at two frequencies
(1.000 GHz and 1.005 GHz) to split a laser b:am into two beams
which arR then focused onto reflecting elements 10 mils apart. The
light is then reflected back through a beamsplitter onto a CCD
camera (Fig 2a). The resulting image is shown in Figure 2b. if one
element is then deflected, the light is thrown out of the optical
system and the resulting CCD image is shown in Figure 2c. The line
of video through the peaks can be displayed on an oscilloscope for
both elements undeflected and for one pixel delflected (Figure 2d).
(The intensity of the RF at the higher frequency is reduced to
emphasize the excision of the larger lower frequency signal.)
Measurements of the dyanmic range made in this fashion are limited
by the dynamic range of the CCD detector. We have measured the
ratio of the light intensity in the on state to that in the off
state using a photomultiplier tube to be approximately 2600:1, a
dynamic range of 34 dB in optical power. A frequency excision
application of this free-space optical switching capability is
currently under development. Frequency excision is better
accomplished through the use of the contiguous 2 mil mirrors on the
chip which allows a five-fold increase in frequency sensitivity
over that achievable with 10-mil mirror spacing.

The free space switching system has excellent contrast ratio,
but it is too large for fiber optic switching applications such as
fiber optic interconnects. An alternative method of using the DMD
for optical fiber switching is shown in figure 3. A bifurcated
fiber has a transmitter on one leg and a receiver on the other.
Light exiting the central fiber is imaged by a microlens onto the
reflecting element of the DMD. If the element is flat (solid
line), the incident light is reflected back through the same
microlens, coupled back into the fiber, and detected at the
receiver. However, if the reflecting element is deflected (dashed
line), the light is reflected out of the acceptance angle of the
microlens and is incident on a stop allowing no light back to the
receiver. For optimum switching the deflection angle of the
reflecting element should be just slightly greater than the NA of
the optical system.

A switch of this type has been demonstrated using 50/125
multimode fiber with a NA of 0.2. A laser diode at 1.3 micron
wavelength was used as the light source. The NA of 0.2 requires a
mirror deflection angle of 11.5 degrees for optimum switching.
Although the deflection angle of the DMD elements was about 8.5
degrees, less than the optimum angle,a switching contrast of 11.5
dB was obtained. That is, all but seven per cent of the available
light was deflected out of the system. This seven per cent can be
accounted for by the limited swing of the DMD element, reflection
at the fiber/air interface, and optical feedthrough at the
biffurcation*

Further work is underway to improve the switching contrast
with other fiber/optical arrangements using both bifurcated and
non-bifurcated fibers. Additionally, a DMD with a larger
deflection angle is being designed specifically for fiber
switching. A DMD-based four-by-four fiber optic crossbar switch is
currently under development.
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Fig.ld Interferometric detail Fig.lc Dark field pixel operation.
of deflected pixel.
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Fig.2b COD image of both pixels on.~----i

Fig.2d Oscilloscope trace of CCD
outputs for Figs 2b and 2c.

Fig.2c COD image with one pixel off,

Transmitter Receiver
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Figure 3. Optical fiber switch using a bifurcated fiber and a DMD.
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4!jj -IMGLAs Etal~on with a Silver-

Combined Mirror and Heat Sink, E. Masseboeuf, INPG, France,; 0.
Sahien. U. Olin, Royal Institute of Technology, Sweden; 1I.
Nordell. M. Rask and 6. Landgren, Swedish Institute of
Microelectronics, Sweden. Room-temperature, low-power and
nanoseccand switching of bistabLe Al.GaAs etalons with silver
mirror/heat sinks, which are thermal'y stable for half a second.
is reported.

F03, 8: tOPM-8:2OPM
'/er-tL-al Cavity Single Quantum Wetl.l Laser, J. L. Jewel l, AT&T
Beil Laboratories; K. F. Huang, National Chiao Tung University,
China; P:. Tai, Y. H. Lee, R. J.. Fischer, S. L. McCall, A. Y. Cho,
AT&T Bell Laboratories. Pulsed and cw optical pumping produce
lasing in MBE-grown etalon with 80 A active material length of
InO.2Ga0.8As.. Estimated absorptions -at threshold are12f3J/um2
and %17uW/um2.
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M). ti..ple Quantum Well Asymmetric Fabry-PergtEta!ns for
gh-Contrast Low nerti6n a a Modlation, M.

Whitehead, 6. Parry, A. Riversi University College London, United
Kingdom; J. S. Roberts, University of Sheffield United Kingdom.
We propose an asymmetric Fabrv-Perot cavity modulator, containing
quantum wells, to achieve high contrast (>10dB) with- less than
3dB insertion loss at'*5-10V bias. Preliminary experimental
results are presented.
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Se.-Eectro~o~p~t Ef-fect Devices., M. E. Pr-ise. Ri E. L.a Marche,
N. C. Craft, M. M. Downs$ S. J. Walker, L. A. D'Asaro and L. M.
F. Chirovsky, AT&T Bell Laboratories. We describe an optical
.. AuL_ +,hich uses arrays of svmmetri,: :eJ 1.J.ec,tr-optic etfect
ic.ei~ s (S-SEEDs) to per~orm cascadable optical logic and

, , i ts per 1 ormanc'e.

" l'cv. w_ I l.ens in.i.l IFPertect Shuf f leNetwork, 'M. v. lav or, J.
E. Midwinter, University College London. United Kingdovi. We will
introduce a two dimensional network, a pipeline of two
dimensional perfect shuffle interconnections and layers of square
Ss.uper .xchanqe modu~les.

P07 :" =..,FM-q. Oopm
r .-. ecr.nic_Dynami c Random Access Iiemor (DRAM) ell

Jtii.zi ,A Three -Terminal N1-Channel Self-AigUned DOES Device, S.
W. Taylor, 0. .. Crawford and .. 6. Simmons, AT&T Belt
Laboratories. An opto-electronic DRAM cell is implemented with
an N-channel self-aligned DOES in A three kerminal
cunfi urdtion. rhe cell operates with one polarity and dchieves
XY sel.ectivity with the inversion :hannel contact and the optical
J +'pLt I"+ 'tL puts.

FD8, : 0PM-9: I O'P
Fiber Polarization Rotation 3PwiLc:h Based on Modulation
.lnt.bi~iLv. C. E. Soccolich, M. N. Islam, AT&T bell
Laboratories. ,We demonstrate an ultrafast, all optical, active
fiber polarization rotation switch based on modulation
Lns.ability operating near 1.5um, exhibiting contrast ratios up
Lo 40:1 -And small signal gains up to 40dB.

FJ)%. 9: 1 'PM-9: 2'PM
1oticaliy Controlled Bistable Swi'tching_ Elemenlt Based on
Electro-Optic Feedback, 3. A. Cavailles M'. Erman, LEP , France.
Ae describe an optically controlled bistable switching dev-ice
based on a SEED-type electro-optic feedback in a vertical coupler
containing Multiple Quantum Wells material.

PD 10 , 9: 20PM-9: 30PM
An FDM Coherent Optical Switch_ Ex2',r i-ment witth Monolthic Tunable
Lases Coverin a£_.00 GHz Range , . f. Eng, M. Santoro, 7.. L.
Koch, W. W. Snell and J. Stone, AT&[ Bell Laboratories. We
report results of an FDM coherent optical switch experiment wi-th
monolithic tunable lasers coverini G'.., 6Hz at 700 Mb/s and wi i
a novel tuned, balanced coherent r-6,eiiver, est'ablishing
-F-eas-i-b-i I i-fy f-or -a. 1-29xL25. switc-h..
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i ta.vtic_E;:Rresions for Switchinq i, rr'adiances of Bi-and
Nonlinar Fabrv--Perots. 1-. Th% enpan+, 1. Van de
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'2Novel i.h Hldu!dtcir-and ~ica1 Iransistor for the Ftr
Eri+r red Region: _ Proposal for a Modulable Mirror, Maarten

.uij!-. Frqer Vounck,: Vri je Universi tei t Brusse,l BeLaium. It is
shown that the reflection properties of two-dimensional electron
(aa5es in III-V semiconductors can be used to build picosecond far
infrared switches and invertors.

PD13
dued vegid ntersection Losses for Large_ Tree Structured

li:LiNb03 Switch Arrays r. 0. Murphy, AT&T Bell Laboratories; F.
Hernandez-Gil, Telefonica, Spain; 0. J. Veselka, S. K. Korotky,
ArT&T Bell Laboratories. Using the Beam Propagation Method,
geometries have been found which lower losses in the wavequide
inter'sections required of tree-structured Ti:LiNbO3 switch
arrays. We fabricated these geometries and measured a reduction
in attenuation as high as 50%.
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Room Temperature Electroabsorption and Switching in GaAs/AlGaA3sSuperiattice

K.W. Goos;-en, L Bar-Joseph, J.M. Kuo, R.F. Kopf, DA.B. Miller and D.S. Chemla
AT&T Bell Labs, Holmdel, NJ

Quantum well (QW) based optoelectronic devices have been rapidly evolving in the last few years.
The observation of the quantum confined Stark effect, which gives an absorption edge red shift with an
applied electric field 1, was followed by numerous device demonstratiol s, especially reverse - biased p-i-n
diode light modulators at both near infra-red and-longer wavelengths . It was also shoyn that the same
structure can function as an optical logic switching gate, the self-electro-optic device (SEED)

Bleuse et al. have recently predicted that interestng behavior should occur when an electric field is
applied in the growth direction of a superlattice (SL) , a structure with thin barriers between the QWs.
Because of the potential-drop across the SL the resonant tunneling process is turned off and the delocalized
SL electronic wave function becomes localized. The manifestation of this phenomenon, which is called
Wannier-Stark localization, is a change of the absorption edge from a broad line shape, associated with the
delocalized conduction miniband, to a sharp QW-like excitonic shape, associated with the localized state. The
position of the new absorption edge with field is at approximately the center of the broad miniband absorption
edge without field. It corresponds therefore to an effective blue shift of the absorption edge. The field needed
to localize the electrons Ls given by Floe =A/ed where A is the miniband width and d is the superlattice period.
At smaller -fields a formation of a Stark ladder and steps in the absorption spectrum was predicted. These
steps are caused by absorption from a hole state, which localizes at very low fields, to electron states in
adjacent wells. They are separated by nx(eFd), where F is the electric field and n is an integer index.
Correspondingly, absorption from a hole state into the nearest well are labeled as ± 1 and so forth. These
steps should shift linearly with the fields away from the main absorption peak which is direct in real space. 6

These predictions were fully confirmejd in GaAs/AlGaAs SL using low temperature photoconductivity,6

photoreflectivi v and resonant Raman measurements, and in InGaAs/InP SL using transmission
measurements . In this paper we study this effec: at room temperature using both photo-conductivity and
transmission measurements. We report the first room temperature observation of Wannier-Stark
localization. We show that a large modulation can be obtained over a substantial spectral range and
demonstrate the operation of a blue-shift SEED.

The sample was grown on an n+ GaAs substrate f6llowed by a 1.3 pm Al Ga. 7As n doped layere 7he
intrinsic region is composed of - 100 period superlattice-of undoped.30 , GaAs-wells and 30 A A 0.3Ga. 7As
barriers. Two buffer layers of 500 A undoped Al. 3Ga0.7As separate- the superlattice at both the n and the p
sides. Then 0.5.um p doped and'0.3 p+ doped AloGk 7As layers were grown, followed-by a 1000 A GaAs p+
contact layer. The wafer was processed to form square mesas of 200x200uAm. It was then bonded and epoxied
to a sapphire substrate using transparent epoxy, and a large hole was etched through the GaAs substrate to
the AlGaAs which acted as a stop etch layer.

The photocurrent spectra under electric field at room temperature are shown in Fig. 1. The transition
from a broad to a sharp absorption edge is evident. As the voltage is increased the Stark ladder peaks -1 and
-2 are clearly observed and they shift linearly with the volt te away from the 0 peak. Also observed is the
formation of a sharp exciton at the 0 peak. Comparing the results at 0 and 10 V shows a net "blue shift" of the
absorption edge, with some residual absorption below the high field edge, originating from the -1 and -2
peaks. This residual absorption decreases only slightly beyond 10 V.

Simulations of the absorption are in a qualitative agreement with these results. Although the heavy holes
are strongly localized in one period for fields larger than =2xlOV/cm , electrons o y c me stoily
localized for fields larger than z8x10'V/cm , which is approximately the field at which the rentral peak
becomes dominant in the spectra. The simulations also show, however, that the electron wavefunction is not
fully localized in one period even at these fields, confirming the experimental observation that there is still
residual absorption at high voltages for the -1-and -2 peaks.

At high fields, when both electrons and holes are localized, the optical transitions show clear excitonic
enhancement, reminescent of that seen for quasi-2D excitons in QW structures. However, for transitions
other than the direct (0) transition, the centroid of the electron- wave function is spatially separated from the
hole wave" funcion, so that we observe a reduced correlation.
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At low fields the excitonic features significantly decrease, until at 0 V they hardly exist. The built-in field
across the junction is 2.'7X104V/cm. At such a field the holes are localized while, the electrons are not, so that
the excitons are easily ionized.

We determined the actual absorption changes with field by applying a squore-wave voltage modulation
between 0 V and a certain rel-rse bias V, and measuring the corresponding tiansmission changes with a
lock-in. Figure 2 shows such a spectrum for V=-10 V. The large t'ansmiiion increase near 750 nm
corresponds to the blue-shift or the absorption edge. The negative peak at 730 nm is due to the QW exciton
formed at high fields, and the one at 770 nm is due to residual absorption from the -1 Stark ladder transition.

The complex changes of the absorption spectrum with field cause the differential transmission-speczra to
be much different at lower values of V. This is reflected in the nonlinear behavior of the modulation response
with field, shown in Fig. 3 for 750 nm. There is a slow increase until V=5 V, where the response increases
sharply. Above 10 V there is again a slow increase. The value of AT/To for 15 V, which is 0.37, corresponds
to Aalpha=7700cm*'. It can be projected then that a 1.im SL structure would yield a 2:1 modulation ratio for
V=-20V. The sharp rise at medium voltages could be exploited to generate a large modulation for a small
voltage swing.
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The decreased absorption near 750 nm yields a decrease in the photocurrent and therefore a
negative differential resistance. This behavior can be used to col~truct a logic element, similar to the
self electro-optic device (SEED), v.hich is based on a blue shiftl, rather t hen the red shift associated
with the quantum confined Stark effect. We connected the SL diode in series with a silicon photodiode
which when illuminated with white light acted as a current source load. We used a tungsten lamp and a
0.22 m SPEX spectrometer as a monochromatic illumination source for the SL diode. Figures 4a andL

4b shows the bistable behavior for different ,wavelengths and voltages, respectively. It can be seen'that
bistability is obtained over a wide spectral range and is almost constant between 74.5 and'755 nm. Clear
bistability is observed at 8 V and there is-not much change beyond 15 V.

2.0 (a) 2.0

740 nm 745 nm 8V (0)

1.5 -1.5

Cn U)
Z Z
P- 1.0 1- 0

uJ Zz z
.78V 20V

a. 0.
*~.5 .5

0 o

0.0 . . . . , , O.'J0.0 .5 1.0 1.5 2.0 . 5 1.0 1.5 2.0

INPUT INTENSITY (a.u.) INPUT INTENSITY (a.u.)

Figure 4: Output intensity vs. input intensity for (a) several wavelengths and (b) several voltages.

One potential advantage of these structures compared to OW modulators is that it may be
easier to sweep carriers out, of the structure because of the lower effective barriers for tunneling and
thermionic emission. This may reduce problems resultipg from saturation and space charge build-up
due to holes accumulation, that can prevent, high-power operation of modulators and high speed
operation of SEED's. The superlattice electrqobsorption may also, give a larger usable spectral
bandwidth because it relies less on sharp,;xcitonresonances.
References

[11 DA.B. Miller, D.S. Chemla, T.C. Damen, A.C. Gossard, W. Wiegmann, T.H. Wood and CA.
Burrus, Phys. Rev. B 32, 1043 (1985).

[21 T.H. Wood and CA. Burrus, DA.B. Miller, D.S. Chemla, T.C. Damen, A.C. Gossard and W.
Wiegmann, IEEE J. Quantum Electron. QE-21, 117 (1985), U. Korea, B.I. Miller, T.L. Koch,
G. Eisenstein, R.S. Tucker, 'I. Bar-Joseph and D.S. Chemla, Appl. Phys. Lett. 51, 1132 (1987).

[3] DA.B. Miller, D.S. Chemla, T.C. Damen, T.H. Wood, CA. Burrus, A.C. Gossard and W.
Wiegnmin, IEEE J. Quantum Electron. QE-21, 1462 (1985).

[4] J. Bleuse, G. Bastard and P. Voisin, Phys. Rev. Lett. 60,220 (1988).

[5] L. Esaki an.iR. TsuIBM J. Res. De'. 14, 61 (1970).

[6] E.E.Mendez, F. Agullo-Rueda, and J. M. Hong Phys. Rev. Lett. 60, 2426 (1988).

[17 P. Voisin, J. Bleuse, C. Bouche, S. Gaillard, and C. Alibert, Phys. Rev. Lett. 61, 1639 (1988).

[8] F. AguUo-Rueda, E.E. Mendez and, J. M. Hong, Phys. Rev B (Rapid Commun.), 38, 12 720
(1988).

(9] J. Bleuse, P. Voisin, M. Allo'on and M. Quillec, Appl. Phys. Lett. S3, 2632 (1988).

[10] DA.B. Miller, Appl. Phys. Lett. 54. 202 (1989).



PD2-1

THERMALLY STABLE, OPTICALLY BISTABLE AIGaAs ETALON
WITH A SILVER COMBINED MIRRORAND HEAT SINK

E. Masseboeuf (*), 0. Sahlin, U. Olin, N. Nordell (**), M. Rask (**) and G. Landgren (**.

Institute of Optical Research and Department of Physics II, Royai-;risdiate of Technology, S-100 44,
STOCKHOLM, SWEDEN

(*) Permanent address: Laboratoire d'Electromagnetisme Microond -et Optoelectronique, INPG,
Grenoble, France.

(**) Swedish Institute of Microelectronics, P. 0. Box 1084, S-164 21 KISTA, SWEDEN.

1. Introduction.

Bistable italons of GaAs and related materials have been extensively studied for use in parallel
optical processing. The C.vices studied so far are not well suited for applications, since they are not
thermally stable. We have developed a theoretical model which allows the optical and thermal
properties to be simultaneously optimised. In this paper we report on experiments with nonlinear
AIGaAs 6talons, designed with that model, that are thermally stable for half a second, optically
bistable with 10 mW input power, and rely on the electronic nonlinearity with switching times of
about 10 ns. The devices have been fabricated with argon ion sputtering followed by deposition of
a three micrometer.thick silver layer which acts zs a combined heat sink and high reflecting mirror.

2. Background.

A common problem with nonlinear semiconductor devices relying on a plasma induced fast
nonlinearity is that the electronic effect iscounteracted by a slow thermal nonlinearity, caused by
heating due to rvon-radiative recombination of holes and electrons. One such device is the bistable
6talon of GaAs (1], where the competition between electronic and thermal nonlinearities 'lead to
regenerative pulsations [2] if the ,.device is left in the ON state for many microseconds. The
operating wavelength also dependsi on the thermal load and hence on the duty cycle. From the
practical point of view this is not acceptable: It must be possible to operate them with arbitrary bit
patterns and at arbitrary duty cycles without any changes in the transfer characteristics due to
heating.

Improvements have recently been reported concerning the thermal properties of A1GaAs 6talons
operating in reflection with epitaxial Bragg reflectors as mirrors. 200 jis thermal stability in
optically bistable mode [3] and several :As stability in differential gain mode (4] have been
reported. However, the devices were not truly thermally stable.

3. Fabrication of Etaons..

Our new devices have been fabricated starting from-a MOVPE-grown structure, consisting of a 20
period buffer superlattke'(5 nm GaAs / 5 nm AlAs) first grown on a GaAs substrate, followed by
0.5 im AlAs, an 18-period Bragg reflector of alternating AdAs/AI4,GaAs quarter-wave layers
designed for 830 nm, 50 nm Al.GakAs, a 2.5 p.m Al.,GaoAs nonlinear spacer layer, 0.5 [lm
AIJGa, and a final 5 nm GaAs cap layer.

Pieces were cut from the wafer and put in a vacuum chamber. The cip and about half of the
Al 3GkAs layer were rr.moved by argon ion sputtering. Without breaking the vacuum, a 3 pmi
silver layer was subsequently evaporated. Ihe. devic-s were then soldered with indium to a copper
mount, plane polished to less ,than a few fringes. The In thickness was less than 20 P±m. The
substrate was removed by grinding and selective etching.
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The resulting 6talcn consisted of the nonlinear Al.oGa,.,As layer between the back silver mirror
and the front epiaxial Bragg reflector. The crucial step is to gei a high reflectance at the
semiconductor - metal interface and at the same time good sticking of the silver to the
semiconductor structure. Several other methods, such as evaporating thfi "glue" layers of Ti or Cr
failed, due to reduced reflection.

4. Thermally stable, optically bistable operation.

Figure 1 shows bistable switching in reflection of such an 6talon, at 842 nm (at room temperature),
with a 140 I.s long input pulse. It was carefully checked that the switching was due to the electronic
nonlinearity, both by examining the (negative) sign of the nonlinearity, and the switching speed
(about 10 ns). Figure 2 shows switching of the same device with a 1000 times longer pulse (140
ms), without any change in sample position, ambient temperature, operating waveleungth or average
duty cycle. The oscilloscope settings are identical in Figures 1 and 2 when recording the input
power - reflecte. power hysteresis loop. It is seen that no regenerative pulsations occur, that the
device is truly b stable even on this long time scale and that the hysteresis loop is almost identical to
the one with a slort input pulse.

Figure 3 shows the input power - reflected power characteristic for a 50 pgs long input triangular
pulse, with low and high duty cycles. The two curves are almost identical, with the same
oscilloscope settings and without any change of other operating parameters than the duty cycle.

5. Comparison with theory.

The devices have been fabricated on basis of a recent theoretical study of heat flow and thermi.l
optimisation of GaAs italons [5]. We have developed a numeridal model which makes it possibie to
solve the coupled, nonlinear system of the wave equation (including diffraction), carrier diffusion
equation and heat equation in steady-state, for an arbitrary layered metal - semiconductor -
dielectric structure, with proper boundary conditions at each interface. To model the optical
nonlinearity we have implemented the carrier- and temperature dependent plasma theory of Banyai
and Koch [6].

Results from that study clearly points to the necessity to avoid all thermal barriers between the
nonlinear spacer layer and the heat sink, and to use a mirror with highest possible thermal
conduc2ivity (silver has- 9 times larger thermal conductivity than GaAs). One must avoid thick
layers of AlGaAs, which has much lower thermal conductivity than the binary constituents. The
calculations predict less than 1 K temperature rise in the structure which we have fabricated, which
proves to be sufficient to avoid regenerative pvlsadons. This is a factor 2-3 lower than in
conventional all-epitaxial 6talons without metal mirror/heat sink, which are not thermally stable.

The method which we have presented here is suitable for fabrication of large a;Tays of bistable
elements, in which case forced cooling should be applied to the back of the silver layer (which, if
required, could easily be made thicker by electroplating or other methods). The results should also
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Vertical Cavity Single Quantum Well Laser

J.L. Jewell, \.F. Huanga , K Taib, Y.H. Le
R.J. Fischer , S.L. McCall b , and A.Y. Cho

A T&T Bell Laboratories, Rm. 4G.520, Holmdel, NJ 07783 U.S.A.

We report room-temperature pulsed and cw lasing at 980 nm in an optically-pumped vertical
cavity structure grown by molecular beam epitaxy (MBE) containing a single quantum well
(SQW) of In0.2Gao.sAs. Limited gain due to the extremely short active material lengthof 80 A
implies that losses due to absorption, scattering and mirror transmission are extremely low.
Pulsed excitation yielded a threshold with an estimated absorbed average energy density in the
spacer - 12 fJ/,Um 2, implying a carrier density in the SQW about 4 times the density for
"transparency" of about 1.3x10 12 cm- 2 . In cw e'-periments the estimated average absorbed
power density at threshold was - 7 uW/pm 2 and the internal slope efficiency was - 33 %. The
carrier densities per QW are similar to those in previous multiple QW lasing experiments. The
very low energy and power, densities here are the result of reducing the number of wells to just
one, and increasing finesse o Phigh enough level to permit lasing.
The MBE-grown structurn i., ,own in Fig. 1. All layers are nominally undoped. The bottom
mirror is designed to be ,ot: transmissive so more than half the light should exit into the
substrate. The InGaAs 'SOWY Vhould be elastically strained since it is well below the critical
thickness of - 200 A. GaA4.-ItdAs resonators with In.Gal..As QW are interesting for optical
device applications since the typical 'operating wavelengths of 950-1000 nrm are almost as short
as for GaAs QW, yet the GaAs substrates are transparent.
The unetched wafer was pumped through the top mirror by a synchronously-pumped mode-
locked dye laser emitting '- 10 ps pulses tunable from abou- 900-920 nm. The beam was focused
by a 5X microscope objective. We also used an unmodulated-cw dye laser to pump at 860 nm.
Pulsed measurements were carried out with the pump wavelength in two regions where the
mirror reflectivity was low about 860 (880) nm which is above (below) the GaAs bandgap energy.
With the pump photon energy above the GaAs bandgap energy, the top mirror absorbed about
80% of the incident energy. The spacer absorbed -23% of the light which had transmitted
through the top mirror and the rest was absorbed in the bottom mirror and substrate. Thus,
neglecting reflections, the absorption in the spacer was only - 4.6% of the incident beam. The
carriers generated must then cool and be trapped in the InGaAs QW. This pumping efficiency
is still much larger than a similarly estimated ,- 1.6% absorption in the QW only, due to
pumping below the GaAs bandgap. The incident energy required for lasing-was about 2.7,times
larger with below-gap than for above-gap pumping, thus our calculations are consistent. Both
calculations tend to overestimate the carrier-density in the lasing region of the QW since many
carriers are generated outside the lasing area and a significant number of them will be in the
GaAs barriers. For ew operation we use the , 4.6 % pump efficiency since the pump, is above
the GaAs bandgap. Possibilities of multiple reflections which might enhance the pump
efficiencies were .extensively -investigated and- compared- -with experimental. variations in, the
incident pump energy when changing the pump wavelength. The results indicate that any-such
possible enhancement would be of a factor much less than two.
Fig. 2 shows an output/input characteristic With a threshold of 100 pJ incident or - 4.6 pJ
absorbed in the spacer (above the GaAs bandgap). Minimizing the threshold required
defocusing the pump beam from its minimum spot size, due to finesse and area requirements
imposed by the small gain and mirror structure. We estimate a maximum gain-length product

/77
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nm.

of 3X 10- 3 for the SQW, thus the cavity losses must be smaller than ,- 0.3 %. The calculated
mirror reflectivities are both above 99.9% neglecting diffraction losses. Because there are no
waveguiding structures (e.g. microresonators) such small loss cannot be attained in a small
diameter. For a cavity los per pass of .- 0.002 the SQW etalon needs about 430 pm 2 area
which is larger than the diffraction limit of the focused pump beam. Thus we expect lower

thresholds when carriers are directly injected into the optimum area by defocusing. The actual
area of the lasing region for Fig. 2 was calculated by measuring the angular divergence of the
output beam, and was.about 400 pm2 for the whole lasing region. Thus the absorbed energy
density averaged over the lasing area is < 12 fJ/prm2 creating an average carrier density - 5 X
1012 cm- 2. Even if all the carriers fell into the SQW, the density was only -4 times that
required for transparency. It is quite possible that less than half this density actually existed
inside the SQW. The data indicates a - 14 % internal single-face slope efficiency which is
higher than for previous lasers pumped by picosecond pulses. Pumping below the GaAs
bandgap at 880 nm yielded a threshold of'270 pJ incident, or - 4.3 pJ absorbed. Our estimates
of the absorbed energies-for above and below gap pumping are thus consistent to <7 %.
Other interesting effects were seen when we focused the pump beam more tightly. A high
density of carriers is generated in an area too small to permit iasing as discussed above.
However if enough of them are created, over a period of time they will diffuse outward
eventually filling a sufficiently large region and if their density is still high enough, lasing should
occur. It should have a reduced output however due to carrier losses during this diffusion time.
This is exactly what we see. Fig. 3 shows that this delay can be more than I ns. It also shows a
- 150 ps minimum delay between the pump pulse and the output pulse. Since the cavity
buildup time is only , 10 ps and the carriers are trapped"1 in the well in ,- 6 ps, we attribute
this delay to the gain build-up time of the low-gain high-reflectivity cavity. The --, 150 ps delay
was essentially constant with input energies ranging from - 1.2X to >4X threshold.
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Continuous pumping yielded results consistent with the pulsed experiments. Fig. 4 shows a

-45 mW cw threshold incident on the device, or about 2 mW of the 860 nm.pump alisorbed.

The lasing area was >300 pim so <7 pW/ism 2 was absorbed. The internal slope efficiency was

33 %, much larger than in the pulsed case. This may be largely due tqmore efficient use of

the carriers in cw operation, and loss mechanisms in the pulsed c'se such as recombination

during the 150 ps delay.

VUKE E~fIABSORBED POWER (mfW)
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i 0.4

*g 
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Figure 3. Triple exposure (all at 200 0 100 ISO

ps/div) showing the times of the pump INCIDENT POWER (mM

pulse (upper), minimum-delay output

(middle), greatly-delayed and reduced

output (lower). The pulse widths on the

oscilloscope indicate the response of the Figure 4. Output (bottom mirror) vs.

avalanche photodiode. The large >1 ns incident input; and estimated absorbed

delay results from focusing the pump beam input for cw pumping at 856 nm.

too tightly.

Thermal effects did not appear to play any important role, probably because the lasing

wavelength is far from the absorption band of GaAs. By using an acousto-optic modulator we

were able to observe lasing in the absence of heating. The threshold actually decreased slightly,

<5 %, when the device heated up. This is likely due to some thermal lensing created by the

temperature gradient. With 40 mW average power incident above the GaAs bandgap (10

kW/cm2) the laser heated enough to change its peak wavelength by - 5 A.

In conclusion we have demonstrated room-temperature lasing in a veitical cavity SQW

resonator under both pulsed and cw optical pumping. Gain limitations of the 80 A active

material length place an upper limit of the cavity losses due to absorption, scattering and mirror

transmission at less than -0.003 per pass in the MBE-grown resonator. This was achieved in

the strained Tno.Ga . As-system. -where -the.,substrate-is -transparent-at .the-lasini wavelength of

-, 980 nm. Since the active material thickness is well inside he quantum size regime, this'SQW

etalon represents the smallest quantum thickness of active material attaiuable. The large area

of - 400 pm2 can be reduced considerably by forming microresonators. Resulting devices should

have very low energies. It will be important to determine how small a microresonator can

maintain such a high finesse since the required energy (or current for electrical pumping) is

proportional to the cross-sectional area divided by finesse. A 1-pjm diameter SQW microlaser

electrically pumped would have a current threshold <10 .,uA if cavity losses and surface

recombination are kept low.
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INTRODUCTION:
Multiple quantum well (MQW) optical modulators have been shown to offer improved

performance over devices based on bulk semiconductors. For a simple transmission modulator operating
at normal incidence one can typically obtain a contrast of 3dB [1,21, with about 10V bias acioss lpm of
GaAs quantum wells. Improved contrast ratios can be achieved in two ways, the first being the use of
thicker MQW active layers [31, the second method being the introduction of high reflectance layers into
the structure to effectively increase the optical path length to a double [4] or multiple traversal in a
high-finesse Fabry-Pdrot (F-P) cavity [5,61. Devices demonstrating contrasts of up to 10dB have so far
suffered from large insertion losses [3,4] due to background absorption, and/or have required bias
voltages of 17-25V [3,5,61, which are disadvantageous when considering the integration of modulators
with VLSI circuits for optical interconnects. High finesse devices so far haiebeen-designed-to-use the
electro-refractive effect in MQWs. However, the effect of background absorption is very difficult to
avoid or compensate for, which means that the devices have to operate at wavelengths well away
from the excitonic absorption edge in order to maximise contrast. Thus the modulating effect of electro-
refraction is somewhat diminished.

In this paper we propose an asymmetriL. F-P cavity modulator (AFPM), with low front
reflectivity and high back reflectivity, which by resonant MQW electro-absorption may achieve
better than 20-dB contrast and less than 3dB insertion loss at 10-12V bias. With adaptations to the
basic structure the AFPM should provide 10-15dB contrast with as little as 5V bias voltage.

DESCRIPTION OF DEVICE OPERATION:
By a simple manipulation of the equations governing'the spectral response of an absorptive-F-P

cavity it is possible to determine the amount of absorption required to bring the reflectivity at
resonance to zero - the closer to zero the higher the possible contrast. With cavity front and back
reflectivities Rf and Rb, absorption a and absorber (MQW) thickness d, we find:

adR=O = 0.5 In (Rb/Rf ) .......... (1)

which, for Rf= 0.30 and Rw-_0.95, gives us ad - 0.58. Using the electro-absorptive prope-ties of MQWs it

should be possible to increase ad from a value close to zero to satisfy the above condition. Furthermore,
in the limit of zero absorption, the resonant reflectivity for the asymmetric cavity remains high at
-0.83. Thus we:have the means of achieving high contrast modulation without incurring high insertion
loss. By using electro-absorption and operating close to the absorption edge the device makes optimum
use of-the field-induced effects in MQWs. The construction of the device is less complex than previous
resonani modulators as only one multiilayer refliecior stack need be grown and' the lfffit-reflectivity is
simply and accurately defined by the serniconductor:air interface.

The response of the proposed device has bepn,simulated using a model which combines the electro-
absorptive and electro-refractive properties of a 1OA GaAs well/100A Al0.3Ga 0.7As barrier MQW
structure with standard F-P equations. The method is described'in detail elsewhere [7]. Figure 1 shows
the calculated biased and unbiased spectra for a device with Rf = 0.3 and Rb= 0.95, and 12V bias across
1.2gim of MQWs. In this case the cavity length -has been optimised-so-as to-give-the maximum contrast
for <3dB insertion loss. At 862.8 nm the contrast is more than 23dB (230:1) and the insertion loss -2.6dB.

0--
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The high contrast region has a FWHM of =2nm. Just as for high-finesse symmetric F-P structures, the
cavity thickness must be accurately controiied to optimise the contrast; if the resonant wavelength is
too close to the absorption edge then insertion loss increases significantly; if too-far away, higher biases
are required to push the absorption to longer wavelengths, at which it may no longer be strong enough to
meet the critical ad condition. Theeffect on contrast of varying the device cavity length at a fixed bias
voltage is illustrated in figure 2. As cavity length varies, the wavelength of maximum contrast varies
accordingly The device parameters are the same as for figure 1. The wavelength range represents -400A
change in cavity length. Better than 10dB contrast for <3dB loss is obtained over -a7nm.

1.0 Fig.1 (left): 40 40
OV Calculted on:off reflection

spectra for AFPM (Rf--O.30, . 3 30
Rb=095) with 1.20jum of
MQW and 12V bias. Cavity . o

0.5 length is set to make device 20 20
t" operate at 862.8nm.

Fig.2 (right): 10 1012 /:: Variation of contrait and d A
0.0 ;insertion loss with operating

0.o .. . wavelengthfor AM as in 0 0

840 860 880 fig.A. 850 860 870

Wavelength (run) Wavelength (nm)

EXPERIMENTAL RESULTS:
Epitaxial integration of a back reflector stack within the MQW p-i-n structure would be the most
suitable way of fabricating the AFPM. However, in order to demonstrate the basic operating
characteristics of the device, we have modified existing MQW p-i-n transmission modulators [21 by
applying a highly reflective gold coating to the back surface, leaving the natural semiconductor:air
reflectivity at the front. This provides a thin asymmetric cavity (<3jgm) close to the specification
above. The MQW structure was grown by MOVPE and contained 50 x 90A GaAs quantum wells with 60A
Al0 .3Ga 0.7As barriers. The complete structure was in no way optimised, however the reflectivity,
modulation which was achieved was a significant improvement on previous results in terms of contrast
per volt. Figure 3 shows the on:off spectra for the optimum bias of 7.6V. At 861m the contrast is 6dB
(4:1) and the insertion loss -2.4dB. Resonant reflective-modulators containing 80-100 quantum wells,
which have given contrasts up to 9dB [5,61, have required more than'twice the bias of the AFPM.

1.0 Fig.3 (left): 1.0
Measured on:off reflection OV

v ispectra for test AFPM at
optimum bias. ...

Fig.4 (right): h n' 0.5 \ / Simulation of the on:off0.:

41% characteristics for test I
/ARPM *Cavity length is set so 8V

7.6V that the resonance is the
same distance from the MQW

0.0 ,_ , absorption peak as in fi83. 0.0 ..... .............._

840 880 QA6 880
Wavelength (nm) Wavelength (rnm)

We find very good agreement between the experimental results and the modelled response of our
test Structure, which is displayed in figure 4. The contrast achieved is limited by there being
insufficient MQW material in the cavity to satisfy eq.1, coupled with the F-P resonance being slightly
too -far away-from the MQW absorption-edge. The insertion loss at-the resonant wavelength is higher
than calculated, probably due to the absorption tail being underestimated.
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OPERATION AT LOWER VOLTAGES:

It has been suggested that MQW modulators would be an attractive interface device for optical
interconnects between large scale electronic processors. We have carried, out further simulation to
determine the prospects for an AFPM operating at no more than 5V bias, this being compatible with
existing CMOS. To obtain more than 10dB contrast at such low bias voltages it is necessary to decrease
the MQW layer thickness, whilst increasing the cavity finesse slightly by raising the front
reflectivity to -0.45. Thus a front mirror would have to be integrated with the basic AFPM structure.
The results are shown below in figure 5.

-20
.I Fig.5:

+++ Simulated performance of the
15 modified AFPM withRf=0.45, R b=0-95' OPeratin

+ 0 * Contrast at a fixed 5V bias, with
10 Ins'n loss different MQW thicknesses.,

10.* 4Contrast
0.61im MQW + loss

X lns'nloss
5++ 0.5i * Contrast

* - -,- 1GI Jz Q. ALS'0 13 I n s 'n l o s s

859 861 863 865 867 869

Wavelength (nm)

With the bias voltage fixed at 5V, the field across the MQW region falls with increasing
thickness. For 0.5jpm of MQWs, the field is high enough to induce a significant shift of the absorption
edge, and so the contrast remains quite uniform over the range, although the reduced ad factor means
that it does not climb above 10dB. For thicker MQW regions there is only an improvement of the
contrast at wavelengths close to the absorption edge, where the reduced electric field still has effect.
The fall-off in contrast becomes more rapid with increasing MQW thickness (decreasing field). We note
also that the loss is fairly insensitive both to operating wavelength and MQW thickness.
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We demonstrate an optical module which will be used to implement an optical digital switching fabric
[1], using symmetric self electro-optic effect devices (S-SEEDs) as the logic gates and laser diodes as
the optical power supply. Provision for the required inputs and outputs, a method for presetting the
S-SEEDs and a split and shift interconnection are implemented. We demonstrate the operation of a
7 x 3 array of S-SEEDs, and show both the switching of each device with an external input, and the
simultaneous presetting of the entire array by modulating a single laser.

The use of S-SEEDs as optical logic gates [2] , the conditions on the optical power supply beams
and methods for obtaining the power supply beams has been discussed [3]. The fabrication of arrays
of S-SEEDs has been reported [4], the architecture of an optical digital processor based on arrays of
optical logic gates with simple interconnects between them has been presented [5], and the operation
of an optical shift register using a single array of S-SEEDs demonstrated [6]. The optical system
described here is very similar to that necessary to implem~ent a scheme forfree space opto-electronic
interconnections [7].

We have previously described a scheme for the operation of arrays of optical logic devices which allows
the input of an array of power supply beams , two arrays of signal beams ( which would come from
the previous array of devices via i simple interconnection such as a split and shift), and the output of
an array of beams (the reflectedpower supply array) [8]. The module described here uses the same
technique of beam combination using polarizing beam splitters, wave plates and patterned reflectors
which minimize the loss of power or optical resolution of the imaging system. Dammann (binary
phase) gratings are again used for the array generation [9].

As has been preciously discussed [3] in order to use an S-SEED as a logic gate, each .of the ttwo
modulators must be supUi'ed'with the same optical power. In [3] we suggested using a-grating to split
the beam from one l.-r into two equal beams, one for each modulator and then use another grating
to distribute these two equal beams to all the other modulators. Here we use two lasers, (one for each
modulator) of a single S-SEED and then use a single grating to distribute these two beams to all the
S-SEEDs in the array. This has two significant advantages over our previous scheme.

First this method doubles the available optical power ( two lasers rather than one) and second we can
use one of the lasers to preset the devices (thus avoidi:!g chromatic abberation problems). In order to
um -thes--evices _loggc. -s: a -hey-musLbe et to-a-given-stte-betweenlogic-operatios.- Usingan.
array of beams at another (shorter) wavelength, as the preset has been suggested. We initially tried
this, but could not reconcile two following, opposing optical system constraints. Our imaging system
suffers from chromatic aberrations making it difficult to focus arrays- , beams with significantly different
wavelengths on the device array at the same time. It is also difficult to make polarization insensitive
dichroic beam splitters.

The optical layout is shown in Figure 1. LDI and LD2 are both laser diodes capable of producing
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Figure 1: Optical layout with the dashed line showing what is include on the aluminium plate.

up to 25mW at a wavelength of 850nm. LEDI is a light emitting diode with an output centered around
850nm which is used for illumination. The S-SEED array has been described by [4]. QW are quarter
wave plates and HW are half wave plates.

LDI and LD2 are used to provide the-optical power to the array of S-SEEDs. The outputs of LD1
and LD2 are combined at reflector Ri which is a knife-edge arranged so, hat the beam from LD1 is
transmitted through it and the beam from LD2 is reflected at it. The spacing between the two beams is
adjusted so that they are imaged ontothe two modulators of a single S-SEED on the array. The beams
are then split up at the grating Di. This is a Dammann (binary phase) grating with periods in the
vertical and horizontal direcions such that it distributes the two br ,M's to'all 21 devices on the S-SEED
array. These beams are then relayed to PB2 and focused dowi,rnto the S-SEED array. R2 and R3 are
reflector arrays and are used feed the input arrays, which come in through input port IP, onto the device
array as described in [8].

The output, which is the reflected power supply beam array, is then relayed to PB3, where it is split
into two (orthogonal polarizations), one array is relayed through M2 and the other array through M I.
Masks MI and M2 can % used to customize the interconnect. The arrays are then re-combined at PB6
and imaged onto the canhera. PB7 is adjusted so that one of the arrays is shifted by- oneS-SEED period
from the other, thus implementing a split and shift interconnect. The HW plates rotate the polarizations
so recombination is possible at PB6. The optical system is designed so that the output at OP can be fed
directly into the input IP of another identical module.thus giving cascadable optical logic. We can also
view the device array using the TV at polarization beamsplitter PB3 by slightly rotating QW to allow
some of the light through PB3.

The entire arrangement, (excluding the diode lasers, collimators and the array of S-SEEDs), is contained
on an aluminium plate which is i4in x 12in. The optical components are positioned using steel pins
located by a numerically controlled milling machine. We found that using this technique makes optical
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alignment much easier than using individual components on an optical bench. The accurate positioning
of components means we can examine the performance of our our system using optical ray tracing
software. We also found the system to be very stable and we found that we could take out and replace,
parts of the system without disturbing the overall system alignment.

Two experiments were carried out using this module.

The two laser diodes were adjusted so that equal powers were obtained (about 5 pW per S-SEED).
Voltage was then applied to the S-SEED array. All the S-SEEDs went into definite logic states, that is
one modulator was in a high reflectivity state while the other was in the low reflectivity state or vice-
versa. The contrast between these reflectivities is about 4:1 at the wavelength we used, thus the output
from each S-SEED appeared as a, bright and dark spot on the TV monitor. By alternatively clocking
the lasers, the states of all the devices on the array were switched simultaneously, demonstrating the
required preset. For the operation of the S-SEEDs as logic devices one of the lasers can be turned on
during the preset cycle, which occurs after the readout cycle during which the two lasers are on.

In the second experiment all the devices, were set in the same logical state and the beam from another
laser diode operating at 850nm was fed in from IP through PB2, reflected off R3 and then imaged onto
the S-SEED array. By moving this beam from one modulator to another we can switch the logical states
of all the 21 S-SEEDs on the array. A video tape was made of both experiments.

In conclusion we have shown, that using a custom mechanical mounting system, it is possible to provide
the necessary uniform optical power to arrays of S-SEEDs in order to use them as optical logic gates.
We have also demonstrated a simple scheme to preset all the devices. We are attempting to use these
techniques to build a cascadable optical digital system and we think better optical design will allow us
to make future modules more compact.
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Introu ,~
Some of the most important optical computing systems which have been proposed are like the

one in figure 1 : a pipelined sequence of perfect shuffle interconnections feeding into layers of
adjacent binary i/o processing modules. A variety of parallel tasks can be performed by such a
processor, the most important of which is to act as an N to N switch [1-3]. In this case each
module is set to either exchange or bypass the pairs of data channels. The perfect shuffle
interconnection is implemented using either bulk or holographic optics [4-5], and the
exchange/bypass modules can be directional couplers [6] or an optoelectronic integrated circuit [7],
to make a very powerful hybrid system.

In this paper we will introduce the two dimensicnal network of figure 2. This network is a
pipeline of two dimensional perfet shuffle interconnections and layers of square 'super exchange'
modules. The operation of the network is derived from its one dimensional counterpart, and the
new processor does exactly the same task as the old one. Distributing the processing in two
dimensions, has-two compelling advantages: a vast increase in the parallelism available, and the
ability to build a given size of switch in a much more compact form. Also the optical
implementation in the 2D case is possibly easier than in, the linear case.

The ID and 2D perfect shuffles
To understand the operation of the new network the mathematics of the perfect shuffle must be

considered. The cleaving-and iiterleaving tansformation of the ordinary perfect shuffle (figure 3)
can be expressed as a rotation of each port's address written in binary. For 64 elements this is

abcdef -+ bcdefa
where a tof are Os and Is.

The 2D perfect shuffle [4] isa transformation of a square array comprising a horizontal
followed by-a-vertical-perf_ct-shuffle,-a nd it~ea-be-generatd with ..sirnple.ope60_crrangementt
The binary representation-involves the twin rotation of the column and row addresses:

qkl, tpqr) - 4(ktj, qrtp)
The four ports which meet at a module after being 2D shuffled are those which differ only in the
least significant bits of the column and row addresses, bits j and p in the expression above. It
was noted by Lin et al [8] that it might be possible to build a permutation network from multistages
of 2D-perfect shuffles and 4x4 local redirectors, but those workers were unable to provide any
algorithm to control such a network. Here we will show how such an N to N switch can be
constructed by reference to the equivalent N:N linear network.
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The 2D perfect shuffle network
Figure 4 shows a sorting network, and is given simply as an example of a one dimensional

perfect shuffle network. Telephony lines with destinations from 1 to 8 enter at the left hand side;
arrowed modules divert the line with the higher destination number to the port indicated, and the
empty modules always bypass. The signals arriving at the right hand side are correctly ordered.
The workings of the network are described in Knuth [9], but need not concern us here.

Consider carefully two adjacent stages of a perfect shuffle sorter like that of figure 4 but with
64 lines. Port abcdef is shuffled to bcdefa, where the exchange/bypass module can 'fix' the final
bit, that is route the data to bcdefA where A can be 0 or 1. The next shuffle-module stage
moves the channel to cdefAB, so it has a choice of four outputs to emerge from the two stage unit.

Let us examine the effect of picking up the ports of this unit and moving them in space
according to the rule

abcdef -- (column bdf, row ace)
Two perfect shuffles taken together, which is written in ID notation as

abcdef - cdefab
becomes under the mapping rule

(bdf, ace) 4- (dfb, cea)
which is a single 2D perfect shuffle. The routing which was done by the relevant binary modules is

(dfb, cea) -* (dfR, ceA)
which corresponds to cdefAB under reverse mapping, and so can be performed by one of the new
four way modules. The simple mapping rule above is crucial to realising the ntw networks, as it
enables us both to prove that a 2D switch can be built, and to determine the functionality required
of the super exchange modules.

One of the super exchange modules-performs the operations of four of the old modules, in the
topology of figure 5. It is readily deducible whicthe four modules are through the mapping rule,
and so the function of. the new module is completely specified. By dividing the whole of the
shuffle network into pairs of stages and converting them in turn into a 2D format, an entire 2D
routing network can be built up.

Sorted outpul

A two dimensional shuffle network which is constructed starting from the linear shuffle
network of figure 4 will do the same function as that processor - rearrange the parallel
communication lines. It is worth noting that since the new modules make decisions in order to sort
the " "L ,,,,l & ,,.,U, , , ,c re 1rd e U1. . .... bUt 1rn ., Ll a..,

, outpu, into what would ...... ord for "-a -- r, t,,. , ,, square -rray of
destination numbers does not appear to be naturally ordered. An 8x8 matrix as ordered by a 2D
network is shown in figure 6.

This apparent 'scrambling' of lines is not important because it occurs in a wholly deterministic
way. If there is a situation where formal ordering is required, then either the decision making of the
modules or the destinations can be modified to compensate.
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Summary and Conclusions
This paper has provided an introduction to 2D networks. A single type of two dimensional

perfect shuffle network has been described, but it should be apparent that other perfect shuffle
networks [1-2] can be readily mapped into a 2D format. It will be shown in reference 10 how to
construct a two dimensional network in the general case. The motivation for 2D rather than ID
networks is clear - the number of parallel channels which can be accommodated rises from N to
N2, and the packaghig becomes more tractable.
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AnOpto-Electronic Dynamic Random Access Memory (DRAM)

Cell Utilizing a Three Terminal N-Channel Self-Aligned

DOES Device

G. W. Taylor, D. L. Crawford and J. G. Simmons

AT&T Bell Laboratories

Holmdel, NJ

The Double Heterostructure Opto-Electronic Switch (DOES) device has been demonstrated as a three
terminal [1] opto-electronic bistable switch having high and low conduction states with and without
optical emission respectively and which can be switched on and off by both an optical and an electrical
input signal. The third terminal permits xy addressing of the cell in a manner very similar to the
Dynamic Random Access Memories (DRAMS) of silicon technology. Currently in electronic dynamic
memories, the limitations on performance and density arise from the minimum ratio of cell to bit line
capacitance (i.e. stored cell charge) that will still allow reliable sensing. Using the optical output of the
DOES relieves this constraint because it is an active element whose output can be increased to the limits
of the device power.

We describe a memory cell which uses a self-aligned DOES and a single polarity of bias. The storage
is dynamic in nature and utilizes the electronic stored charge to maintain the device on state. The above
attributes, together with its inherent compatibility with a new family of opto-electronic integrated circuits
[2], suggest the three terminal DOES might form the basis of a new memory technology i III-V
material systems.

THE MEMORY CELL

The DOES device is shown in cross-section in Fig.l. The device is an N-Channel device grown by.

INJECTOR

EMITTER (ANODE) -4

OOUT 0I

p+G@As SI ION V@., I Viv)
IMPLANT

p AIGaA*

ELECTRON
INVERSION p AIIAs UND aIACHANNEL

SUBSTRATE (CATHODE)

Figure 1 Cross-sectional view of a..double heterostructure opto-electronic switch (DOES) for an
optical dynamic memory element
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molecular beam epitaxy. The fabrication sequence discussed previously [3] allows formation of the third
terminal (injector) by ion implantation as a contact to the electron inversion channel. The IV
characteristics of the DOES are also shown in Fig. I (inset) for the case of two different light intensities.
Switching occurs when the device is biased as shown and In optical signal applied. The d.c. switch-,g
voltage, Vs, of these devices after processing was 8V, with no injector input. An injector input of
0.2 ma reduces Vs to 5V.

The turn-on and turn-off time using the channel contact has been measured to be about 8ns for these
devices (3]. The DOES is operating as an LED for the demonstration here to allow emission and
absorption perpendicular to the surface. When optically triggered, the turn-on time is about 5ns, being
limited by the RC delay time. In Fig. 2 the DOES is depicted as a memory cell.

REFRESH, READ, WRITE, Y SELECT

S*

SUBSTRATE DETECTOR

INJECTOR OPTICAL INIOUT,
X SELECT

EM ITTER I GaAs
CLEAR (WRITE). LAE

X SELECT LASER

(b)

Figure 2 Opto-electronic circuit configuration of the DOES device as an optical dynamic memory
cell.

The emitter (anode) is grounded, the injector and the optical output of the DOES perform the x select
function and the substrate terminal and optical input to the device perform the y select function.

The basic functions of the cell are demonstrated by the waveforms in Fig. 3a (from top to bottom) of the
injector reset pulse, the optical input pulse and the current flowing in die device as sensed across a 500
load between the emitter and ground. In Fig. 3b the injector rest pulse (top) is shown together with the
optical input (bottom) and the substrate waveform (middle) to illustrate the dynamic storage mechanism.
Note that the injector pulses are positive to turn the DOES off and the substrate pulses are negative to.
turn the DOES on. The write, read and store sequences are described as follows. Writing.into the cell
is a two-step operation. First a positive pulse of 2.8V is applied to the xselect (injector) which removes
charge from the inversion channel and puts the DOES into a high impedance state (the zero state). Then

a pulse of 3.5V, which has been reduced from 8V by the -dVef-ectisappliedtotheyselect(substrate)
and at the-same time the desired data is delivered to the cell optically. If an optical pulse is present, the
DOES is switched to the low impedance state (the one state) and a "one' is written; if the pulse is
absent, te DOES remains off anda "zero." is written. Note that.inothe data.in-Fi.-3,.thedwotica-input/V.
select combination actually occurs before the reset pulse. However, the net effect is the same. During
the read operation, the y select line (substrate) is pulsed to 3.5V alone. If the DOES is on (low
impedance), ,an optical pulse will be produced but if it is off, no optical pulse will be produced. The
optical output of the device would be sensed selectively in the x direction by means of another DOES
device; however, for convenience it is sensed here electrically across the 500 emitter resistor.
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READ
tEMITTER
SENSE)

Figure 3a Waveforms illustrating optical memory cell operation. From top to bottomiJ the pulses are
injector input pulse (2V/div), optical input fromf (jaAs laser (5OmV/div at- detector), device
output through a 500 emitter resistor (5OinV/div).

INJECTOR

RESET

REFRESH PULSE
WRITEIREAD

PULSE

OPTICAL
WRITE

Figure 3b Waveforms illustrating, refresh operations. From top to bottom; injector input (2V/div)
substrate wav-eform with superimposed refresh (5V/div) and optical input (optical pulse
peak power = 6mW).

in summary, a new configuration of the DOES device as a dynamic memory cell in a self-aligned N-
ChsnnelW LQ111nb it NCR &d1 GrbU"U ""'l IDIOMS hsshown a unique cainabilku f,'o diamu
refresh with potentially very long refresh times. Also theextension tw'high density dynamic arrays as an
integrated circuit appears feasible.
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Fiber Polarization Rotation Switch based on Modulation Instability

C.E. Soccolich and M.N. Islam
AT&T Bell Laboratories

Holmdel, NJ 07733

We demonstrate a Modulation Instability based Polarization Rotation Switch (MIPRS) operating
near 1.5 um, exhibiting contrast ratios up to 40:1 and small signal gains up to 40dB. Optical fiber
switches are important for ultrafast, all optical, serial applications such as multiplexers/demultiplexers,
and for ultrafast modulation of large signals. All fiber switches eliminate bottlenecks from slow
electrical to optical interfaces and offer such advantages as: femtosecond response times, long
interaction lengths and low power requirements, and a mature fiber technology foundation.

In the MIPRS, pulses from a mode-locked color center laser (CCL) are gated through a length of
fiber by a low power, cw light signal from a semiconductor laser (SCL) (lpW_< P _400pW). The
experimental setup is shown in Fig. 1. The CCL pump beam and SCL signal beam are simultaneously
coupled into a 500 meter length of single-mode, non-polarization preserving, dispersion shifted fiber.
To compensate for birefringence in the fiber, a quarter waveplate is used at the output of the fiber to
linearly polarize the emerging pump beam. This is followed by a polarizer adjusted to null the fiber
output while the SCL is blocked. The SCL which is at a slightly shifted- frequency from the pump,
induces modulation instability (MI) [1,2], causing the quasi-cw wave to break up into a train of
solitons. We find that MI causes a net rotation of the output polarization from the fiber permitting
some fraction of the energy to pass the polarizer.

The small signal gain and on:off contrast ratio shown-in Fig. 2 demonstrate the usefulness of the
MIPRS as a switch. Gain as high as 104 is achieved at low powers, and decreases with increasing signal
power due to saturation caused by pump depletion and Raman or soliton self-frequency shift (SSFS)
effects [3]. On the other hand, the on:off contrast ratio increases with increasing SCL signal power
since the net output power increases while the pump leakage at the null is nearly constant. For the
current experiment we expect the speed of response to be approximately 1 psec. However, we are still
far from the ultimate speed of response set by the material, which is about 6 fsec. for fused silica. The
speed of response of this device is limited by the MI gain bandwidth [1], calculated to be 960 GHz,
which is a function of the pump power and fiber parameters. For example, if we operate closer to the
zero dispersion point ofthe fiber orincresse the pump power, the gain bandwidth increases.

We attribute the large gains observed in the MIPRS to the generation of upper and lower sideband
frequencies centered around the pump wavelength combined with the wavelength dependence of the
beat length Lb [4]. Since our fiber length is 500L&, a slight shift in the wavelength will have a
noticeable difference in the polarization at the output. Fig. 3 shows the output spectrum of the device
for a pump power of SW and signal power of 318 4W. The gains after the polarizer for the individual
components are: G(w-6rj) - 28, G(u-4rj) = 95, G(ub-2ij) - 1.4x 1P, G(ut) = 672, G((,o+21rj) =
476, G(bo+4wJ) = 56.

In summary, wo have demonstrated an active, ultrafast polarization rotation switch in an optical
fiber near 1.5pm with contrast ratio as high as 40:1, up to 40dB of small signal gain, and an anticipated
1 psec speed of response. MI induces rotation of the initially nulled, polarization through wavelength
dependent beat length. Also, since ordinary non-polarization maintaining, single mode fiber is used,
the fiber length can be increased to L = 1/64 further reducing the power requirements.

We thank N. Bergano for providing the fiber.
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FIGURES

1. Schematic of experimental apparatus.

2. Performance of NfIPRS as a function of SCL -ignal power, (Pccr,-4.5 W, T-75psec,
f =832GHz); a) Net device gain (Device output /SCL power in the fiber); b) Contrast ratio
(P./P0 )

3. Spectrum of device output, (Pcc, 5 SW, PXLr =318/pW).
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Optically Controlled Bistable Switching Element
based on Electro-Optic Feedback

J.A. Cavailles and M. Erman.
Laboratoires d'Electronique et de Physique appliqude (LEP)'

3 Avenue Descartes, 94451 LIMEIL-BREVANNES CEDEX, France

Optically controlled switching devices provide interesting functionality in optical communications and op-
tical computing. Several systems, based on non-linear coupling phenomena have recently been described
/ 1-3/ . In these works, the non-linear response of Multiple Quantum Wells (MQW) material is exploited
to change-the state of a directional coupler in order to achieve switching. Among these structures, 'verti-
cally' arranged couplers deserve particular attention, since they allow short coupling lengths in cunjunction
with low crosstalks.

In this work, we demonstrate the possibility to obtain optically controled bistable switching, using an ex-
ternal electrical feedback in a way very similar to the case of SEED devices /4/ . We consider a 'vertical'
directional cou-ler in which one of the guides is a MQW material, imbedded in the intrinsic region of a p-i-n
junction, this-junction beeing connected to an external electrical circuit. Principle of operation can be briefly
described as follows : One injects light in the non-MQW guide; a power transfer between guides occur
because of optical coupling .The amount of power in the MQW depends upon its optical characteristics,
which are known to-be strongly influenced by a transverse electric field. Acting as a detector the MQW
will generate a photocurrent which will be proportional to absorbed light intensity. Feedback from the ex-
ternal electrical circuit enables optical control of the state of the coupler : injected power influences
photocurrent, which changes the p-i-n bias, modifying the optical parameters in the MQW thus changing
the path followed by the light.

We study the structure showii on figure 1 . It consists in two slab waveguides sequentialy grown-on a, GaAs
substrate . The lower guide (guide 1) is a GaAs/GaAIAs double heterostructure waveguide . The upper
guide (guide 2) core is a 100 A x 100 A GaAslGa.A103As MQW and forms the intrinsic region of a p-i-n
junction . Other parameters are indicated in the figure.

i A: 0.16 Guide 2
V lw 0,0 ) P2

n AI: 0.1 1 _w

Guide 1
-- z"Al:. O.11

zAI: 0,1!

Figure 1. Schematic of the Structure: xAl is the Al percentage in GaAAs alloys. Doping and layer thick
nesses arcindicated in the figure . The air and the substrate are supposed to be far enough for neg
lecting their influence. The external electrical'circuit is characterized by its i(V) curve.

LEP : a Member of the International Philips Research Organization
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The structure is designed so that, when no reverse bias is applied, both guides are identical . We have taken
into account the fact that the refractive index in MQW is - I% higher than in the equivalent GaAIAs alloy
151. The photon energy is fixed 30 meV below the zero-field first heavy-hole excitonic transition energy.
The absorption is neglected in all layers exept in the MQW.

In this first approach, the influence of the electric-field,F, on the optical properties of the MQW has been
modellized in a semi-quantitative way :

• The absorption is computed assuming gaussian lineshape and taking into account Stark shift of the
exciton and field-induced electron- hole wavefunctions overlap changes as calculated using a standard
tunneling resonance technique. This approximation is only valid below the exciton energy : we restrict
ourselves to relatively low fields so that the Stark shift does not exceed the initial detuning (30 meV).

• The refractive index changes variations are taken as An = 5.10-' 3 F (F in V/cm), in accordance with
published data /6/.

For a given value of the bias V, we determine the guided modes of the structure taking the absorption into
account and solving the associated comnlex eigenvalue problem in'the TE polarization. We suppose that
initially ( at z= 0 ),light is injected in guide 1. The optical field distribution at any point along the propa-
gation, E(x,z), is then determined using the modal decomposition of the initial field on the two modes which
propagate in the structure. Power in both guides is computed from overlap integral between eigenmodes
of the isolated guides with the actual field. The photogenerated current in the MQW region is computed
assuming a unit quantum efficiency. The responsivity of the device, S, is defined as the
photocurrent/incident power ratio.It is given by

S __. e {L 2 !Po e a (f (2 E *(x,z)E(x,z)dx)dz ]

where I is the photocurrent, x! and x2 are the limits of the intrinsic region of the-p-i-n junction, a is the
absorption in the MQW, L is the length of the device, E is the photon energy and e the electronic chage.
In the following it is supposed that the device is cleaved at the zero-field coupling length, which is around
288 jm.

)(b)
1.00 0.|O

0 .-. -- 0.4

uide 2(MOW)
..Y Guide I -o

5 0.40 021

.- 000

--- . .- 0- 4 .4 a. S_ .5 -7-
AppilI SleIs(V) App!l'd BIuh(Vl

Figure 2. Outputs (a) and responsivity (b) or the device vs reverse bias.

Figure 2 shows the fractional outputs in both guides as well as-the responsivity of the device plotted against
the reverse bias, V, applied to the p-i-n diode. On fig. 2 (a), it is clearly seen that increasing the bias induces
switching from cross- to parallel-propagation, with good predicted crosstalks ( -20 dB and -30 dB respec-
tively). The responsivity curve of fig. 2 (b) goes through a maximum, since it is given by the product of the
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absorption in the MQW ( which increases with V) with the amount of power in guide 2 ( which decreases
with V).

As far as the external electrical feedback circuit is concerned, we will consider the case of a constant current
load for which one has 1(V) = 0for V < V, and i(V) = 0 for V > V. with V = 7 V. Trhe bias point of the
system is determined by:

S(V/) = 1(V)/P [2]

The number of solutions for [2] depends upon the value of Q, in the following way : if iQP0 is greater than
the maximum responsivity of the system one has V = V0 and the switch is in the parallel state. If l4I'o is
smaller than S(V0) the only stable stat.- is in the low bias region and the switch is in the cross-state. Between
these two extremes, the system is bistable. Bistable switching can thus be obtained in a very versatil[e way:
i.e. either electrically ( changing 10) or optically ( changing PO). As an example, figure 4 shows power outputs
from both guides when the incident power P0 is varied, while 10 is kept constant. Since the relevant paramn-
eter is P0 /10 units on both axes of figure 4 are scaled to 1 . As a consequence, switching powers can be
adjusted by changing 10. Ultimate perfo:-mances are , however, limited by the p-i-n diode dark current. For
a -~ 300 uim X10 /Am device, the value of this parameter should be well1 below I jiA, so that switching
powers below 50 JLW are predicted.

Guide I outpt Guide 2 output
M 20-

14 14-

4 4

2 0

0214 8 0 2 14IS18 10 0 2 4 4 1012 1411 A20

Figure 3. Outputs as a function or incident power: Powers are in arbitrary units. Dashed points correspond
to unstable states.

Aknowledgements: We aknowledge partial financial support from the EEC within the 1033 RACE
(OSCAR) program.

Rifirences:

1. M. Cada,R.C. Gauthier,B.E. Paton and J.M. Glinski, AppI. Phys. Lett. L(l0),(l987),7l3
2. P. Li Kam Wa,J.E. Sitch,N.J. Mason,J.S. Roberts and P.N. Robson, Electrcn. Lett.,21,(1985) 26
3. P.R. Berger,Y. Chen,P. Bhiattacharyaji. Pamuiapati and GC. -Vezzoll1, Appil. Phys. Ltt. :( 14), (NR

1,125
4. D.A.B. Miller,D.S. Chemla,T.C Damen,T.11. Wood,C.A. Burrus,A.C. -Gossard and W. Wiegmann.

IEEE J. Quant. Electronics,OE-219,-(l985) 1462
5. G.J. Sonek,J.M. Ballantine,Y.J. Chen,G.M. Carter,S.W. Brown, E.S. Kosteles and J.P. Salerno, W 1: 1

J. Quant. Electronics, OE-22,7,(1986) 1015
6. J.5. Weiner,D.A.B. Mfller and D.S. Chemia, Appl. Phys. Lett.,50 (13), (1987) 842



PD10-. .

An FDM Coherent Optical Switch Experiment With Monolithic
Tunable Lasers Covering a 1,000 GHz Range

K. Y. Eng, M. Santoro, T. L. Koch, W. W. Snell* and J. Stone*
AT&T Bell Laboratories, Crawfords Corner Road, Holmdel, N. J. 07733

*AT&T Bell Laboratories, Crawford Hill Laboratory, Holmdel, N. J. 07733

I. Introduction

Considerable progress has been made in coherent optics for local network applications
whereby a star coupler is -used to combine various Frequency-Division-Multiplex (FDM)
channels from the inbound lines for broadcasting onto each of ths outbound lines [1-3].
Many practical challenges in such FDM networks (e.g. synchronization, control of the
FDM comb, polarization maintenance etc.) can 'be minimized when we shrink the entire
network inside a "box" so as to build an optical switch capable of cross-connecting
many high-speed circuits carried in multi-Gb/s fibers [4]. We describe here results of
an on-going experiment aimed at exploring the technical feasibility of this approach,
and our laboratory demonstration is believed to be the first one done with monolithic
tunable lasers covering 1,000 GHz at 700 Mb/s and with a novel tuned, balanced
coherent receiver design, yielding a potential switch size as large as 125X 125.

I. Experiment and Result

A conceptual block diagram of an FDM optical line-rate switch is shown in Fig. 1 where
the arrangement of fixed transmitter/tunable receiver facilitates broadcasting and
multicasting in the switch.

The experimental set-up is depicted in Fig. 2 where three transmitting laser signals
(two closely spaced and one far apart) are summed-in a 4X4 star coupler. One of the
star coupler outputs is connected to a coherent tunable receiver which can receive any
of the three transmitting signals. Another output is connected to a fiber Fabry-Perot
(FP) filter (FSR = 13.8 GHz) providing a reference frequency comb for stabilizing the
input laser frequencies [5,6]. The transmitting lasers are each dithered with a slightly
different frequency for. the purpose of channel identification. The frequency locking
circuits can resolve dithering frequencies as close as 10 Hz apart, and the frequency
locking system can support at least 1,000 channels.

The three single-mode transmitting lasers are all two-contact MQW DBR types, each
tunable over ; 1,000 GHz in the 1.5 pm region [7]. The lasers were biased to produce a 0
dBm output into the isolators. One isolator was used for each laser (isolation > 30 dB,
0.5 dB insertion loss). A 2x2 titanium diffused lithium niobate waveguide switch
element was used as an external modulator providing. pn/off modulation. While the
modulators could operate up to 3 Gb/s, our experimental data rate was limited to 70W
Mb/s because of restiiced receiver bandwidth -- -1 as the broad LO laser linewidth.
In our laboratory demo'astration, the two widety -, ed lasers (F1 and F 3) were locked
to channels separated ,oy z600 GHz, and the in-between one (F 2) could be positioned
just one channel away (13.8 GHz) from F, or in any channel between F, and F3. Light
power from the modulators was coupled into fibers at -16 dBm leading to the
polarization adjusters and the star coupler. The star coupler was wavelength
independent and had an excess loss of 0.5 dB.
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A block diagram of the coherent receiver is shown in Fig. 3. This is a novel design using
a tuned, balanced technique without equalizing circuits. The signal and LO are
combined in a fiber coupler and directed onto two photodetectors in a balanced
configuration. An inductive T-matching network is used to bring the detected (IF)
signal through a tuned bandwidth of 1 GHz centered at 4 GHz to an FET. A frequency
locking circuit is also included to adjust the LO frequency to maintain the detected IF
signal centered at the tuned passband (4 GHz). The LO used was another two-contact
MQW DBR tunable laser supplying about -4.6 dBm into the fiber coupler. It was
tunable over 1,000 GHz overlapping the frequency arrangment of Fig. 3 in our
experiment. Therefore, any one of the three laser signals could be received. At 600
Mb/s, we measured a receiver sensitivity (signal power at the fiber coupler input) of -42
dBm for a BER of 10-10, and at 700 Mb/s, the receiver sensitivity dropped to -38 dBm
for the same BER probably due to the excessive linewidths of the signal and LO lasers
(;-,70 MHz each) causing spillover outside the tuned receiver bandwidth. Further
increase of bit rates to 800 Mb/s seemed possible but more work was required before
reliable measurements could be reported. Prior to this system experiment, the receiver
was tested to 1 Gb/s with an external cavity laser as LO for a measured sensitivity (I
-42.5 dBm at a io-1 BER.

Based on our experimental experience of using tunable receivers with sensitivity of -38
dBm at 700 Mb/s, and a practical capability of launching -16 dBm into the star coupler
input, a power margin of 26 dB is available to account for the star coupler splitting and
excess losses. This implies that sufficient power margin exists for implementing a
125x125 switch (at 700 Mb/s). The tuning range of the LO can easily support 125
channels with a channel spacing of 8 GHz.

Ill. Conclusions

We have described an on-going experiment using monolithic tunable lasers to explore
the technical feasibility of building an FDM optical switch on a star coupler
architecture. In our laboratory demonstration, three transmitting lasers were frequency
locked onto peaks of a fiber FP filter providing the reference comb. These lasers were
the monolithic MQW DBR type capable of tuning over a 1,000 GHz range and thus
could be positioned in any of the designated channels within their tuning range. A
coherent receiver using: another monolithic MQW DBR tunable laser as the LO was
used to recover any of the three transmitted signals. We measured receiver sensitivity
of -42 dBm at 600 Mb/s and -38 dBm at 700 Mb/s, both at a BER of 10-10. From these
measurements, we concluded that a 125X 125 optical switch using this design technique
could be feasible with state-of-the-art tunable lasers.
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Analytic Expressions for Switching Irradiances of Bi-and Multistable

Nonlinear Fabry Perots
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Vrije Universiteit Brussel, Applied Physics Department (TONA-TW)

Pleinlaan 2, B-1050 Brussel Belgium.

In search of devices that ultimately will allow for the design bf digital optical
information processors, one's intention, among other things , is to optimize the
steady state behaviour of a promising device : the non linear Fabry-Perot (NLFP).
This steady-state behaviour can be described by hysteresis contrasts CH, relative
hysteresis widths WH and hysteresis transmissions TH, as far as the bistable and the
multistable regions are concerned. These three factors in their turn are essentially
determined by the different up- and downswitching irradiances, characterizing the
device.
It is thus crucial to be able to determine these up- and downswitching irradiances in
a fast and accurate way, for different device parameters.
Instead of calculating the commutation irradiances numerically, which is 'tedious
and computer time consuming, due to the transcendental character of the equations
(1) and (2), we will bring forward a set of concise analytical expressions allowing for
an accurate and straightforward determination of the up- and downswitching
irradiances, Iup and Idown respectively.
Our technique, based on eliminating the transcendental character of (1) and (2)
consists in approximating the Airy curve (1) by a set of parabolas with an upward
and a downward curvature in the vicinity of -up- and downswitching points
respectively. This is shown in Fig. 1. Once the analytic expressions for the parabolas
are known, we can easily obtain the coordinates of the commutation points, leading
to Iup and Idown.
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The analytic formulas, allowing to calculate 'up an Idown are very concise and easy
to use. They offer an accuracy of less than 5% error over the entire range of device
parameters, such as detuning, reflection coefficients, finesse, etc., in comparison
with the real values, as shown in Fig. 2. This error is minimized down to 0.2% after
applying a parameter estimation method in order to improve the parabolic fit of the
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Airy curve. We will also discuss the validity oF these equations in the high finesse
approximation.
We will apply these expressions to examine tht influence of several device
parameters such as thickness, reflection coefficients and detuning, on the value of
the commutation irradiances and on the device characteristics CH , WH and
TH . This allows for a fast optimization of the bistable as well as of the multistable
operating domains. An example is given in Fig. 3.
We will conclude by illustrating this new technique and the accuracy of the
resulting expressions with two applications. First we will determine quantitatively
the behaviour of the switching irradiances of NLFPs which are adressed by obliquely
incident laser beams [1] and who have different states of linear polarization [2].
Second we will show -again quantitatively- the impact of the supplementary non
linearitics, appearing in the reflection coefficients, in case of thin non linear films
(3].
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Fi g. 1(left) shows the technique to eliminate the transcendental character of the NLFP equations.
using a parabolic approximation of the Airy curve.
Fig. 2a (right) depicts the error of the upswitching irradiance as a function of the reflection

coefficients of the interfaces R and the detuning 8. We used here the formula for 'up that was

derived from a parabolic approximation before the parabola fit was optimized using parameter

estimation theory. Notice that the maximum error does not exceed 5%.
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Fig. 2b shows the error of the up- and downswitching intensities before optimizing the parabola
fit. Here we used a Silicon etalon with a fixed thickness D= 480 microns and a wavelenght of a Nd:
YAG laser :1.06 microns.
Fig. 2c shows the reduction of the. error for Iup and 'down after parameter estimation.
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Fig. 3 a and b display the calculated values of up- and downswitching irradiances for different
bi- and multistable loops as a function of the reflectioncoefficients. Here k is a parameter that
determines the order of appearance of Iup (respectively 'down ) for increasing values of
irradiance.
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Summary.
Recently, a new device has been proposed [1] in which the reflection properties of

an electron gas are modulated in order to perform such functions as modulation and transistor

action. The idea is to guide the light in an integrated waveguide which has lower or equal

refractive index than the substrate. The confinement of the light is achieved through the use

of an electron gas mirror in-between the waveguide and the substrate. By changing e.g. the

density or the effective mass of the electrons the confinement, hence the output can be

modulated.

The problem however with using electrons as a mirror is that a very high density

gas with sufficient thickness is generally required to obtain good reflectance. At first sight,

the resulting small Debye length (i.e. small with respect to the total thickness of the electron

gas) excludes all possible modulation.

Yet, a rigorous model, directly derived from first principles, shows that a window exists in

which sufficient reflectivity can be combined with sufficient modulation depth to yield

practical devices. This model describes the reflection, absorption and transmission properties

for electro-magnetic waves of a free electron gas embedded in a dielectric (e.g. a

semiconductor) which is itself sandwiched between two other dielectrics (e.g. waveguide and

substrate). The most important feature which is revealed is the difference between TE and
TM incidence. Although in general for'the same electron density the TE incidence is better

reflected than the TM one, there is a peak in the reflection for TM at an electron density such

that the plasma frequency of the electron gas matches the frequency of the light. Figure 1
shows the reflection coefficient of an electron gas in InSb (500 A thick) versusfelectron

density for TM polarization (wavelengih of 10.6 pm).

Since the plasma frequency is determined by the effective mass and the density of the
electrons only, the search for practical devices does not any longer imply a search for as high

and as thick as possible electron gases (which cannot be depleted by an electric field
anyway), but rathera search for the lowest effective mass combined With the right electron

density. The losses (reflection-, 1) are minimal with highest electron mobility and highest
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Figure 1 R versus electron density in InSb for TM polarization (for

several angles of incidence), maximum reflection occurs at 2.2x10 18 cm- 3 .

meff = 0.0145 m0, thickness = 500 A, P = 80 000 cm2/V.s.

Two classes of devices can take advantage of the TM polarization resonance:

electro-optical ones in which the output is modulated by an electric field and all-optical ones

in which the creation of extra electron-hole pairse.g. by, say, band gap absorption switch

the reflection coefficient to the low state. It should be noted that the*TM peak is in fact very

narrow (a mere factor of two to three in electron density) and is ideally suited for switching

devices and invertors.

A common problem to both the electro-optic and the all-optical devices is caused by

the absorption and transmission losses. Since these are closely linked to the electron

mobility, the use of modulation doped heterojunctions [2] as in the electronic HEMT [3]

seems appropriate. The problem of the extremely small thickness of the resulting

two-dimensional electron gases (2DEG) can be overcome by the use of multiple barrier

heterojunctions. Since the maximum depletion depth of an electron layer with densities in the

1018 - 1019 cm-3 region is of the order of a- few hundred angstroms, a first "optimized

structure" for a light modulator is proposed as shown in figure 2: a double barrier structure

yields a total electron thickness of 500 A, whereas the use of the same material for

waveguide, electron gas carrier and substrate minimizes parasitical reflection.

The structure shown here is in the AlAs-GaAs system .alough the calculations reveal that

about 7x1018cm-3 carriers are needed at high reflectivity : this is above the limit of what can

be obtained today by modulation doping in this system. Yet, a demonstration prototype can

more easily be built in these materials, since it is "standard I-V technology". However, it is

clear that practical devices are in need of mote suitable materials. Pseudo-morphic

heterojunctions of AlAs-InGaAs or A1As-InGaSb e.g. combine a larger conduction band

discontinuity (which can produce higher electron densities) with a much lower electron

effective mass. A very promising lattice-matched system is'CdTe-InSb (figure 1) or
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SGaAs: substrate

Figure 2 "Optimized" light modulator structure for 10.6 Jim wavelength

in the AlAs-GaAs system. Total thickness of the electron gas is 50 nm.

CdTe-(InSb+-l%CdTe) where electron densities of 1019 cm 3 are within reach with an

effective mass as low as 0.0145m 0 for the InSb case, 0.005m0 for the InSbl%CdTe case

and mobilities of 80 000 cm2/V.s. The smaller band gap (0.17 eV or 7.3 gm) also makes it
possible to design structures in which the same wavelength is used for the "source-to-drain"

beam and the "gate" beam, opening perspectives for integrable all-optical transistors suited
for digital applications.

Preliminary measurements on a device built in the GaAs system show indeed high
modulation depths (additional illumination i' needed to produce enough extra carriers ).

Conclusion. The larger effect on TM polarized light of the matching of the plasma frequency

of an electron gas to the frequency of the light allows to conceive light modulators and optical
transistors based on modulable light confinement in waveguides limited by an integrated
modulable mirror. The narrowness of the reflection peak in combination with the use of
selectively doped heterojunctions in HI-V compound semiconductors raises hopes for psec
modulation and switching times.
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The prospects for realizing large integrated-optic switch arrays have been
dramatically changed as a consequence of recent advances in both optical switch fabric
architectures (1-3] and low crosstalk waveguide intersections [4]. The implementation of
dilated versions [3] of standard and special optical switch architectures, for example, has had a
significant impact in alleviating the accumulation of crosstalk from the constituent directional
coupler crosspoints as the light signals traverse the switch. In fact, at present optical loss in
the fabric is a limiting factor determining the overall switch size. The adapatation of switch
architectures known in the field of electronic switching that grow only logarithmically in the
number of switable coupler stages that are required, in principle permits switch line sizes as
large as 1024x 1024 for line rates as high as 1 Gb/s and an average loss per coupler of I dB
[5,6]. These architectures make significant use of waveguide intersections, and consequently
these intersections must be very efficient at angles for which crosstalk is negligible. In a
previous Ti:LiNbO 3 8xU8 dilated-Benes switch reported by us, the excess loss for 10"
waveguide intersections averaged 0.3dB/intersection [7]. This is consistent with independent
measurements of losses for standard structures [4]. In this paper we report modifications of
the waveguide intersection geometry which result in measured losses of 0.1 dB/intersection.

A typical waveguide intersection encountered in architectures such as the banyan,
Benes, Clos, and shuffle architectures consists of two optical waveguides of transverse width
W that intersect at an angle 0. For angles sufficiently large to ensure negligible crosstalk ( > 5)
without the introduction of excessive fabrication tolerances, the coupled-mode formalism has
proved inadequate to describ, the evolution of the optical wave [8], and it is appropriate to
consider the field evolution along the direction of propagation in terms of the distortion of the
mode of the waveguide and the radiation caused by the presence of the second waveguide.
From this point of view, low loss should be attained by minimizing the extent to which the
field profile is steered away from the vertex of the intersection and also minimizing the
asymmetry of the mode at that same point.

The peak index change for a TiLiNbO3 waveguide has been described by
2 W blrAn--erf (7D)D

where D is the diffusion depth, W is the tits-ium stripe width, b is the constant of
pr'oportionar beween ihe index change and dtaiurm concentration, andi i the thickness of
the deposited titanium layer. Away from the intersection region W/D%2. However, when the
two waveguides meet WIDe4 causing a large increase in the peak Ano. The authors have
modified the geometry to minimize this peak Ano. The Beam Propagation,Method (BPM) has
been utilized to calculate losses for various intersection geometries. The variation in loss
agreed quite well with fabricated intersections. We went on to simulate geometries that
significantly reduce the intersection loss. Figure 1 illustrates a 1(r' intersection we have
fabricated. This geometry starts with tapers on the inside edge of each wgveguide down to a 2
um wide notch located 3 urn after the inner vertex. From there-another taper on the outside of
the waveguides proceeds to a 4.5 um waveguide width at the center of the intersection region.
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We fabricated the geometries using conventional Ti:LiNbO 3 waveguide technology.
These guides exihibit low insertion loss, <2 dB, with a 2nd order cutoff frequency of 1.15um.
With these optimized guides the best unmodified 10" degree intersection loss was 0.2 dB. Our
mask contained normal and modified intersections for 7, 8.5 and 10 degree intersections. We
measured a reduction in the loss of 30%, 28% and 50% for the 7, 8.5, and 10 degree
intersections respectively.

Analysis of the intensity profiles of the intersections obtained from BPM
calculations has been done in order to explain the mechanism for the loss reduction. We have
seen a deformation of the intensity profile of the modified intersection before the center of the
intersecting region is encountered. The profile for a regular intersection does not show this
deformation. However, the intensity profile. in the center c.f a regular intersection shows a
greater displacement than that of a modifiec intersection. W,: feel the reduction in loss is due
to better mode matching at the center of the intersecting region. Figures 2a and 2b show
greater oscillation from the center of the waveguide for the intensity profile of the normal
intersection than for that of the modified structure. We feel this is due to the radiation modes
interacting with the fundamental mode.

In summary we have studied intersecting waveguides with the BPM arriving at
modified geometries which, when fabricated in Ti:LiNbO3 , have reduced the loss as muct, as
50%. We acknowledge the valuable contributions of F. Heismann, R. Alferness, R. Bosworth,
D. Herr, and J. Watson.
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We observe complete switching of 310fsec soliton pulses at an energy of - 55pJ with 90

percent transmission in a fiber nonlinear optical loop mirror (NOLM)[I1]. Because of their low
loss and fast nonlinearities, fibers are an attractive medium in which to implement ultrafast,
all-optical switches. Switching in fibers generally occurs for only a part of the optical pulse
since the nonlinear phase shift usually follows the intensity envelope(2]. However, solitons make
possible the switching of the entire pulse because, in the anomalous group velocity regime, fun-
damental solitons show a uniform phase shift over the entire waveform[3]. To show complete
soliton switching, Doran and Wood (1] first proposed the NOLM, which consists of a four-port
directional coupler in which two ports on one side are connected by a loop of fiber. The device
acts like a Mach-Zehnder interferometer whose two arms correspond to the two counter-
propagating directions around the loop.

A multiple quantum well passively modelocked NaCi color center laser [41 provides
rt310fsec Gaussian pulses at X= 1.692pm. As shown in Fig. 1, a variable attenuator is used to
vary the input power, and an isolator prevents feedback into the laser. A 1cm thick uncoated
quartz beam splitter picks off a fraction of the input and reflected light, and apertures are used
to block multiple reflections. The NOLM is made of 25m of single-mode, polarization-

maintaining, dispersion-shifted fiber with a zero dispersion wavelength of 1.584pum (at X =
1.692jim the dispersion is 6.4 psec/nm/km). Germanium doping used to dispersion shift the
fiber approximately doubles the solition self-frequency shift (SSFS) over fused silica. The

coupler is made of quartz blocks in which the fiber is glued and polished. Thirty-two percent of
the light is coupled over and the loss at the coupler is -8 percent. Although we varied the

coupler between 20 and 70 percent coupling, the maximum transmission was achieved near
values of - 30 percent coupling. The loop is closed at a ,-90 percent transmitting splice.
Throughout the set-up, the polarization extinction ratio is better than 15:1. For our fiber, the
soliton period is Z0 Z 5m, and the soliton fundamental power is P1 Z 107W.

Figure 2 illustrates the nonlinear transmission (E,t) and -reflection (Eel) as a function of
input power (El.). The ratio of E,., to (E.1. + EfIt) increases up to a peak and is then followed

by a dip and an approximately flat region. After correcting for the various losses, the peak
occurs at Ei,/EI - 1.66 and the transmission at the peak is - 90 percent. This peak

corresponds to a pulse switching energy of 1.66 X P1 X 310fsec = 55pJ. The peak and null are

less pronounced than in the ideal case [11 because of SSFS effects. Since the coupler unequally
divides the light in the two directions, the intensity dependent frequency shift is different in the
two directions, and the interference is incomplete. To compare with theory, we numerically

solved the modified nonlinear Schroedingei equation including only the first-order correction

term from the SSFS. As the solid curve in Fig. 2a shows, the peak in E05./(E 1 t + E,,fl) occurs

at 1.5 times the fundamental soliton energy and the peak transmission is 90 percent, in excellent

agreement with the experiment. The , 10 percent discrepancy in power may be from uncer-

tainties in our assumed value for P1.

At the peak of transmission, we see switching of the complete soliton waveform. We have

studiedthe-autocorrelatios of ,he outpu, pulses as a function of input power. At the piek of

the transmission (point 2 in Fig. 2b), the output is slightly broader than the input pulse but

otherwise identical in shape. If the pulses were not solitons, then only the center of the pulse
would switch, and the autocorrelation would be narrower, 121. The solitons broaden slightly

because, after dividing in the coupler, one arm has lower than fundamental soliton power. For

this same reason, the transmitted pulses broaden with decreasing input power (point I in Fig.

2b).
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As confirmation of the influence of SSFS, we see pule break-up at higher powers. The
pulse starts to change shape around the dip in transmission (point 3), where the output auto-
correlation shows wings. At yet higher powers, the output splits into three pulses (correspond-
ing to five peaks in the autocorrelation) that separate with increasing power.

In summary, we have studied the nonlinear transmission and reflection properties of a
fiber NOLM operating in the soliton regime. The experimental results at the peak of transmis-
sion show switching of the complete pulse, thus proving the advantages of using solitons. An
attractive feature of the NOLM as a switching device is that the pulse shaping is small up to the
peak, so that the output can be cascaded to other fiber devices. Our observed 90 percent
transmission at the peak is in excellent agreement with numerical simulations.
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Fig. I Experimental configuration for the fiber nonlinear optical loop mirror.
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